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Preface 


Environmental issues have driven the development of new-energy automobiles 
rapidly in many countries. As an important part of the new-energy automotive 
industry, power batteries require improved performance for high safety and 
long cycle life. However, current progress is not encouraging. In addition, 
better understanding of battery reuse and recycling patterns has become an 
unavoidable issue. Generally, the lithium-ion batteries (LIBs) used in electric 
vehicles (EVs) start deteriorating and retain less than 80% of their initial capac- 
ity, which in turn reduces the driving mileage of EVs; thus, LIBs should be 
retired after 3—5 years of use. After retirement, these batteries can still be used 
for energy storage in other systems. It is not a good idea to throw them away 
directly, for the anode and cathode materials and electrolyte solution of those 
batteries are harmful to the environment. It has been predicted that, with ris- 
ing demands for EVs, lithium resources will be in short supply by 2017. 
Therefore, it is highly imperative to systematically investigate and study the 
reuse and recycling of LIBs. 

A systematic monograph covering the reuse, recycling, and resource utiliza- 
tion of power batteries is not available at present, but is in high demand. With 
the support of domestic predecessors and peers, we decided to write a book on 
this topic. Based on results and conclusions from public reporting, we mainly 
introduce the accumulation of the research results of our work of recent years, 
from data on a demonstration project of a wind—light-energy storage smart 
grid based on retired power batteries, to our battery-recycling experimental 
data. And finally, through detailed analysis, introduction, and reorganization, 
the theoretical and applicable technologies of this field will been described 
systematically. 

This book contains six chapters. Chapter 1 describes the basic conception 
and general development and tendencies of EVs, and the development ideas 
and policy support for EVs both in China and worldwide. Then the basic 
conception, operating principles, and classification of power batteries are also 
demonstrated. 


XV 
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Preface 


Chapters 2-3 will introduce the study results of sorting methods, prediction 
techniques of cycle life, and performance analysis and diagnosis methods for 
reuse of power batteries. Then, battery-repacking technology, equalization 
techniques, a battery management system (BMS) designing method, anda heat 
management system for battery reuse will be demonstrated. Finally, reuse of 
power batteries in an energy storage system, cases for battery-operated motors 
based on retired power LIBs, and technical and economic assessments for the 
reuse of retired power batteries are also summarized. 

Chapter 4 mainly focuses on research progress regarding resource utilization 
and harmless disposal of power batteries, including pretreatment, three wastes 
treatment and wastewater zero discharging, prevention of secondary pollution, 
mechanical processing equipment, and so on. 

Chapters 5-6 introduce safety issues for reuse and recycling of batteries in all 
kinds of processes. In addition, thoughts for policy support and marketing 
development of battery reuse and recycling are presented. 


Introduction 


Electric vehicles (EVs) with low- or even zero-emission greenhouse gases are 
proven to be essentially important to our future. As suggested by most automo- 
bile manufacturers, EV lithium-ion battery (LIB) packs with 70 ~ 80% residual 
capacity should be replaced. The retired batteries can probably create long-term 
and stable profits with proper reuse under a carefully designed business opera- 
tion. This reuse can effectively cut the cost of EVs by extending the service life- 
time of their batteries. In addition to the cost savings and other benefits, 
recycling is also necessary because of the potential environmental pollution and 
safety hazards of LIBs. At the same time, those two actions completely satisfy 
the 3R environmental protection principles of recycle, reuse, and reduce. 

However, there are few systematic introductions on this topic, although 
some exploratory studies and demonstration projects have been published. For 
the purpose of giving readers and researchers some useful help and guidance, 
this book, entitled Reuse and Recycling of Lithium-Ion Power Batteries, includes 
experimental results, utilization technologies, demonstration projects, techni- 
cal and economic analysis, and economic models and strategies for secondary 
use and recycling of retired LIBs. 

In this book, we will focus on fundamental theories and applied technologies 
of reuse and recycling of LIBs. Firstly, based on simulated and experimental 
results, and experimental data of a hybrid microgrid demonstration project 
including energy storage systems for retired batteries, we introduce technolo- 
gies for battery dismantling, battery sorting, second-life prediction, repacking, 
system integration, and reuse. Secondly, resource recovery, harmless treatment, 
secondary pollution controlling, and zero-emission technologies for battery 
recycling, derived from a large amount of experimental results in our lab and 
other literature reports, will be addressed next. Finally, business models and 
strategies for secondary use and recycling of power LIBs will be described. 

This book is rich and specialized in content, with a high reference value and 
practical value, and it is easy to understand. It is available for technical person- 
nel who are engaged in battery reuse and recycling. The book also can be an 
elementary textbook for teachers and students of colleges and universities, or 
vocational and technical schools. 
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General Development of Electric Vehicles 
and Power Batteries 


1.1 Brief History of Electric Vehicle Development 


Fuel vehicle ownership in the world continues to increase, thereby causing a 
shortage of fossil-fuel energy. In addition, vehicle emissions cause air pollution, 
which is harmful to human health. As a result, researching and using new-energy 
vehicles, mainly electric vehicles (EVs), have become important developments 
for vehicle industries in all countries [1]. 

EVs rely mainly on electricity for their use, which turns the decentralized 
and inefficient use of fossil energy into centralized and high-efficient use. 
Furthermore, in the process of motor energy conversion, useless consumption 
of energy is reduced to a minimum, which reduces resource consumption to 
the uttermost as well. Meanwhile, pollution treatment is more centralized, and 
this forms a scale advantage and reduces environmental pollution. With the 
development of new technologies, power generated by new energies such as 
solar power that can be used to generate electricity for EVs will become reliant 
in the future, and by then EVs will be clean vehicles in a true sense. 


1.1.1 Early Development of Electric Vehicles 


EVs are not new; their history is actually much longer than that of internal 
combustion engine vehicles. Early in 1834, US inventor Thomas Davenport 
(1802-1851) made the world’s first direct-current EV with a set of non- 
rechargeable storage batteries in glass packaging (see Figure 1.1). Although 
his EV could only travel for a very short distance, he had started the history 
of EVs [2]. 

In 1837, Scottish inventor Robert Davidson (1804—1894) invented the world’s 
first EV that was available for practical use. This invention was nearly half a cen- 
tury earlier than the gasoline engine vehicle invented in 1886 German inventors 
Gottlieb Daimler (1834—1900) and Karl Benz (1844—1929) [3]. The EV invented 
by Davidson was a truck that was 4800 mm in length and 1800mm in width. 
It adopted a primary battery, which used an alloy of iron, zinc, and mercury to 
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react with sulfuric acid. This EV, then, was severely restricted in its practicability. 
Subsequently, in 1881, French inventor Gustave Trouvé adopted a lead acid 
battery (secondary battery) to make an EV for the first time (see Figure 1.2). 
Since then, the era of EVs that applied charging and discharging secondary bat- 
teries as energy started, and EVs really entered the stage of practical application. 
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Figure 1.2 A secondary battery electric vehicle (BEV) in the early days. 
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The development from a primary battery to secondary battery was a major 
technological reform for EVs at that time, and thus the demand for EVs was 
greatly improved. In the second half of the nineteenth century, EVs became 
important products for transportation, which was great progress for them. 

In the late nineteenth and early twentieth centuries, as the United States and 
Europe ushered in economic prosperity, people’s incomes grew rapidly, vehi- 
cles became more and more popular, and EVs entered the commercial stage 
(see Figure 1.3). From 1890 to 1900, the sales volume of EVs was far greater 
than that of vehicles powered by other energy sources. 

In that time, EVs had a very distinct advantage compared to vehicles pow- 
ered by other energies: they had no vibration, unpleasant gas, or loud noises 
from a gasoline engine. Shifting gears was required when driving gasoline 
engine vehicles, which made them more complicated to control, but EVs were 
not the same. Although shifting gears was not required for steam engine vehicles 
either, it took up to 45 minutes for them to warm up. In addition, the driving 
mileage of steam engine vehicles with each water feeding was shorter than that 
of EVs with each charging. As only roads in cities were in very good condition 
at that time, vehicles could only be used locally most of the time; thus, the short 
driving mileage of EVs was not an obstacle to their development. 

The development of EVs was quite mature then, as seen in the United States. 
The price of a basic EV was below $1000. In addition, luxury EVs were designed: 
they had a luxurious appearance and a spacious cockpit made with very expen- 
sive advanced materials. In 1910, 33,842 EVs were being used in the United 
States. During that period, 40% of the vehicles adopted steam engine, 38% were 
powered by electricity, and 22% were powered by gasoline and diesel. Electric 
vehicles were a great success in the 1910s, and their sales peaked in 1912 [4]. 

From the beginning of the 1920s, the internal combustion engine vehicle 
gradually took the place of EVs and steam vehicles. EVs soon lost growth 
momentum after their initial success in the early twentieth century. Since then, 
EVs gradually withdrew from the stage of history. Today, the internal combustion 
engine vehicle has replaced EVs and become the main mean of transportation 
worldwide. 


1.1.2 Current Development Status of Electric Vehicles 


However, from the late 1970s, due to the development of new technologies and 
the third industrial revolution, EVs soon ushered in their “spring” of develop- 
ment again [5]. Countries all over the world increased their investments to 
promote the research and application of EVs. 

Research and development (R&D) on EVs in the United States were relatively 
early and standardized. A certain scale of industry has formed due to the sup- 
port from enterprises, government funding, and scientific research. Three 
main US automakers signed an agreement in 1991 to collaboratively research 
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Figure 1.3 Commercialized electric vehicle applying a nickel-iron battery at the beginning 
of the twentieth century. 
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advanced batteries for EVs and to set up the US Advanced Battery Consortium 
(USABC). In July of the same year, the United States’ Electric Power Research 
Institute joined the USABC. In 1992, the Electric Power Research Institute, 
Chrysler Corporation, and Southern California Edison Company jointly devel- 
oped 50 electric trucks. According to statistics, the United States had 190 EV 
manufacturers by 1995, there were more than 2000 EVs in total, and large- 
scale automobile enterprises played a leading role among all the automobile 
enterprises. 

Ford Motor Company invested $150,000,000 in developing EVs and succeeded 
in 1993. The EVs were driven within the United States for test drives. 480 units 
of sodium-sulfur batteries were adopted in new EVs to replace the original lead 
acid batteries. Furthermore, Ford Motor Company invested $35,000,000 in 
Germany to establish the European Research Centre for R&D of environmen- 
tally friendly vehicles. The fuel cell car P2000 designed by Ford was a hydrogen- 
fueled electric car that applied a proton exchange membrane as a fuel cell. 

General Motors Corporation (GM) displayed its electric car, the Shock, in 
Los Angeles in 1990 and produced 50 vehicles of the same model in 1994. GM’s 
European branch also established the Global Alternative Propulsion Center 
(GAPC) to work on R&D of automotive fuel cell technology. They equipped 
the Opel Vauxhall Zafira car with fuel cells and applied methanol as fuel. Later, 
Daimler Chrysler Corporation successfully invented the first drivable zero- 
pollution and environmentally friendly vehicle with fuel cell technology. This 
vehicle could drive 450 km continuously after charge, and its top speed reached 
145 km/hour. 

Since the beginning of the twenty-first century, the US government gradually 
transferred its emphasis from clean energy and fuel cell vehicles to plug-in 
hybrid EVs and battery EVs, considering the cost and technical feasibility. 
Therefore, commercial EVs such as Ford’s Fox EV series and Tesla Motors’ 
Model series gradually emerged. 

European countries have always attached great importance to energy saving 
and emission reduction. From the aspect of developing and applying alterna- 
tive fuels, their focus is on biofuels and hydrogen fuels. European vehicle 
manufacturers have also changed their ideas and increased investment. BMW 
and Audi have been successively promoting their own EVs, mainly to the North 
American market. 

The German government has been actively promoting EVs. As early as 1972, 
the German automaker Opel started to develop EVs. In 1981, Opel cooperated 
with Swedish—Swiss engineering company ASEA Brown Boveri (ABB) to refit 
electric cars. In the early 1980s, Mercedes-Benz started to produce electric 
buses. In September 1997, Mercedes-Benz launched a fuel cell EV, which was 
refitted based on the Mercedes-Benz A-Class cars, at the Frankfurt Motor 
Show. It was equipped with a fuel conversion device, and methanol could 
be used as its fuel. In addition, Mercedes-Benz established a cooperative 
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partnership with Tesla Motors, a famous American electric automobile enter- 
prise, and both parties worked together to develop electric Smart micro cars. 

In France, electric supply is abundant to meet the demand, and nuclear electric 
power generation and hydroelectric generation are in common use. The source 
of power generation is clean, and the electricity price is relatively low. The French 
government supports and encourages developing EVs and making full use of 
electric resources in policy, and it provides funding for developing EVs. The 
French government, Electricité de France (EDF), Citroén, and Renault signed an 
agreement to jointly develop and promote EVs and even established the Electric 
Vehicle Battery Company by joint venture. SAFT Groupe of France was respon- 
sible for the R&D of high-energy batteries, as well as leasing and maintenance of 
batteries. In 1990, J-5 and C-25 electric trucks were put into production; in 1995, 
Peugeot 106 and Citroén AX EVs were put into production. 

At present, the United Kingdom possesses much more advanced production 
technology of EVs, and EVs are most widely used there. Its history of using EVs 
is longer than 50 years. IAO started to develop EVs in 1979. In 1991, Croderry 
Storage Battery Company invested in establishing the Electric Vehicle 
Production Group, which later successfully developed the MOL C3 hybrid- 
powered EV with a driving mileage of 130km. The emphasis of R&D for new- 
energy vehicles in the United Kingdom is laid on hydrogen fuel vehicles. The 
UK government invests directly in hydrogen-powered vehicles, developing 
hydrogen fuel vehicles as well as researching and developing fuel cells. 

The Japanese government attaches special importance to the R&D of EVs, and 
Japan was earliest one of the countries that began to develop EVs. It has worked 
out detailed arrangements and plans for developing EVs from early on. The 
Japanese government defines new-generation vehicles as EVs, plug-in hybrid EVs, 
clean energy vehicles, hybrid vehicles, and natural-energy-powered vehicles. 

In 1988, Tokyo Electric Power Company developed the Iza EV together with 
Japan Battery Company, which represented the state-of-the-art technology at 
that time. The vehicle’s no-load weight is 1573 kg, its output power is 100 kW, 
and its maximum speed is 176 km/h; the vehicle was able to run 548km witha 
speed of 40km/h after charging each time. 

Currently, Japan mainly prioritizes developing hybrid power vehicles among 
all new-energy vehicles. Japan possesses the most mature hybrid EV technol- 
ogy in the world, which has been industrialized. At present, Toyota’s repre- 
sentative vehicle model, the Prius hybrid EV, is selling well both domestically 
and internationally. According to the forecast of the Japanese Automotive 
Research Institute, a total of 3,600,000 hybrid EVs will be in use in Japan by 
2020, which is calculated based on the vehicle’s current pervasiveness in Japan. 
If high-performance lithium batteries are more widely promoted in the coming 
years, the amount of hybrid EVs may even reach 7,200,000 by 2020. 

Since research of EVs reached its climax in China in the 1980s, EVs had been 
included in the national key science and technology projects of the 8th Five-Year 
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Plan and the 9th Five-Year Plan. Then, some domestic research institutes and 
manufacturing enterprises began to research EVs and achieved some results. 

In recent years, R&D of EVs in China entered a stage of overall development, 
and the EV market was created. On September 30, 2001, the Ministry of 
Science and Technology organized a meeting to discuss the feasibility of sig- 
nificant EV special projects in the 10th Five-Year Plan’s national 863 Program. 
The meeting approved the research report on the feasibility of EV special pro- 
jects, which meant that EV special projects were formally launched. The fol- 
lowing items were also clearly pointed out during the meeting: in order to 
develop EVs, synchronous development of finished vehicle technology con- 
cerning fuel cell EVs, hybrid power vehicles, and battery EVs was required; and 
emphasis must be laid on research of three key technologies: a multi-energy 
powertrain system, driving motor, and power battery. 

During the 2008 Beijing Olympic Games, more than 500 EVs that were inde- 
pendently developed by China were used and played a large-scale exemplary 
role (see Figure 1.4). During 2010 Shanghai World Expo, many demonstration 
models of new-energy vehicles were also in use (see Figure 1.5). At present, 
China has established initial regulations, standards, and management systems 
for EVs, which have laid the foundation for the industrial and commercial 
development of EVs. Besides, China’s central government and some local gov- 
ernments have introduced an EV subsidy policy, which greatly promotes the 
commercialization of EVs. 

With the continuous deepening of demonstration driving, the investments of 
enterprises on EV development and industrialization are also increasing sig- 
nificantly, and the pace of industrialization is accelerating. Major Chinese 
automobile manufacturers are striving to be the firsts to form industry 


Figure 1.4 Electric bus used during the 2008 Beijing Olympic Games. 
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Figure 1.5 Electric bus used during the 2010 Shanghai World Expo. 


alliances, and First Automobile Works (FAW), Dongfeng Motor (DFM), SAIC, 
China Changan Automotive Group (CCAG), Chery Auto, and BYD Auto all have 
worked out their product development and industrialization plans concerning 
EVs. At the same time, the industrialization of batteries, motors, and other key 
components of EVs is comprehensively following up, and the production 
capacity of auxiliary products is significantly enhanced. Through unremit- 
ting efforts, R&D of vehicles in China is currently in a very good condition; 
meanwhile, the major automobile manufacturers have also achieved great 
results through their investments in labor and material resources. However, 
the development trend of domestic EVs is generally led by the government’s 
incentive policies, and there is still a long way to go for market-oriented 
promotion. 


1.2 Types and Developments of Electric Vehicles 


1.2.1 Classification of Electric Vehicles 


Broadly speaking, all vehicles applying electric power as a driving force 
should be deemed as EVs, whether electric power constitutes the whole or 
partial driving force. Dividing vehicles by different power modes is gradu- 
ally agreed within the industry, as it can better reflect the performance 
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nature of vehicles, as well as facilitate the research of EV-related technology 
and promotion of applications [6]. 

According to relevant international standards, EVs can be classified into 
three major categories in terms of different vehicle-mounted power systems: 
battery electric vehicles (BEVs), hybrid power vehicles (including hybrid 
electric vehicles (HEVs) and plug-in hybrid electric vehicle (PHEVs)), and fuel 
cell electric vehicles (FCEVs) [7]. Details are shown in Table 1.1. 


Table 1.1 Classification of electric vehicles. 


Name 


Hybrid electric 
vehicle (HEV) 


Plug-in hybrid 
electric vehicle 
(PHEV) 


Battery electric 
vehicle (BEV) 


Constituting 
power 


Internal 
combustion 
engine and motor 


Internal 
combustion 
engine and motor 


Motor 


Fuel cell electric Motor 


vehicle (FCEV) 


Requirements for 
battery 


Emphasizing the 
specific power of 
the battery, the 
requirement on 
which is up to 
80-120 W/kg 


Emphasizing the 
specific power of 
the battery, the 
requirement on 
which is up to: 
80-120 W/kg 


Emphasizing the 
specific energy of 
the battery, the 
requirement on 
which is up to 
100-160 Wh/kg 


Emphasizing the 
specific energy of 
the battery, the 
requirement on 
which is up to 
100-160 Wh/kg 


Working principle 


Internal combustion engine is 
the principal power source. 
When the vehicle is started, the 
motor works independently. 
When the vehicle is speeding 
uphill, the motor will assist the 
internal combustion engine. 
The energy accumulated 
during braking and speed 
reduction will be recycled for 
battery charging. 


The battery can be charged 
through connecting to an 
external power source. Before 
the energy of the battery 
reduces to a certain level, the 
motor drives the vehicle 
independently, and then starts 
the internal combustion 
engine to enter the HEV 
working mode. 


The battery is charged through 
connecting to external power 
source, after which the battery 
will provide energy to motor 
to drive the vehicle. 


Hydrogen, methanol, and 
natural gas are used as fuels. 
The energy produced through 
the electrode reaction (not 
combustion) in the battery 
device is directly converted to 
electric energy. 
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1.2.1.1 Battery Electric Vehicles 

A BEV is a vehicle driven only by an electric motor. The driving energy of the 
electric motor comes from a vehicle-mounted power supply. The power 
generated from the power supply is converted through the inverter (see 
Figure 1.6). The power supply may be a single chargeable storage battery or a 
power system consisting of a chemical power source, solar cell, capacitor, and 
other components. 

As the BEV doesn’t give out any harmful gas that pollutes the air, even if its 
power consumption was converted into power plant emissions for generating 
that amount of electricity, the corresponding pollutants are significantly 
reduced except for the sulfur and particulates. Besides, as most power plants 
are built far away from densely populated cities, they are less harmful to 
humans. In particular, the pollutants of power plants are discharged in a fixed 
and centralized way, so treatment and clearing of noxious emissions are rela- 
tively easier, for which relatively impeccable technology has been developed. 
Since electricity can be obtained from a variety of primary energy sources, 
such as coal, nuclear, hydraulic power, wind power, solar, heat, and other ener- 
gies, concern that humans will gradually exhaust oil resources is relieved. In 
addition, the EVs can fully take advantage of surplus power during low power 
consumption periods in the evening for charging, which makes the best of 
power generation equipment during daytime and night, and further enhances 


Inverter 


Electric motor 


Figure 1.6 Schematic diagram of the basic structure of a battery electric vehicle. 
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the economic benefits. Related studies indicate that crude oil has higher energy 
utilization efficiency if it is transported to a power plant for power generation 
after primary refining, and then filled into batteries to power vehicles, rather 
than being refined to gasoline to power vehicles [8]. Therefore, the promotion 
of BEVs is beneficial for energy saving and reducing carbon dioxide emissions. 
Moreover, these advantages make the research and application of BEVs a “hot- 
spot” in today’s vehicle industry. But for BEVs, the biggest problem at the 
moment is the current power system — the storage battery. The capacity and 
cost of storage batteries restrict the BEV’s driving mileage and price, which 
becomes the biggest obstacle for its development. 

On the whole, the advantage of BEV is that its technology is relatively 
simple and mature. As long as there is a power supply, it can be charged 
anywhere. The disadvantage is that the storage battery’s stored energy per 
unit weight is very limited, and batteries of EVs are very expensive, and 
there is as yet no economic of scale, which means that the BEV purchase 
price is very high. As for usage cost of BEVs, the usage price of some is 
higher than that of fuel automobiles, while some are only one-third the 
usage price of fuel automobiles; this mainly depends on the battery’s ser- 
vice life and local oil and electricity prices. The process of industrialization 
of BEVs is more obviously influenced by construction of infrastructure and 
price. Compared with hybrid power vehicles, supporting infrastructures 
are more needed by BEVs. This cannot be solved by any single company, 
and joint construction by all enterprises and local governments is required 
to gain large-scale promotion opportunities [9]. 


1.2.1.2 Hybrid Power Vehicles 

Hybrid power vehicle refers to a vehicle that can get power from energy stored 

in a vehicle-mounted device, which falls into two categories: one is consumable 

fuel, and the other is a rechargeable energy storage device (see Figure 1.7). 
Hybrid power vehicles can be simply divided into the following three catego- 

ries based on their different structural styles of power systems [10]: 


Series hybrid electric vehicle (SHEV): A hybrid power EV, the driving force of 
which only comes from its motor. Its structural features: the engine drives 
the electric generator to generate electric power, the electric energy is trans- 
mitted to the motor through a controller, and the vehicle is driven by a 
motor. In addition, the power battery can be used alone to provide electric 
energy for the motor to drive the vehicle. 

Parallel hybrid electric vehicle (PHEV): A hybrid power EV, the driving force of 
which is supplied independently or collectively by the motor and engine. Its 
structural features: the motor or engine can be used alone as a power source 
of a parallel driving system, and the motor and engine can also be used 
collectively as power source to drive the vehicle at the same time. 
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Figure 1.7 Schematic diagram of the basic structure of a hybrid power vehicle. 


Complex hybrid electric vehicle (CHEV): A hybrid power EV, the driving mode 
of which includes both series and parallel. Its structural features: it can work 
under either series hybrid mode or parallel hybrid mode, and it combines 
the features of both series mode and parallel mode. 


With the development of hybrid power vehicle technology, hybrid 
power vehicles are not limited to the categories discussed here. They can 
also be divided based on other types, such as range-extended EVs, plug-in 
EVs, and so on. 

Current practical hybrid power vehicles are usually equipped with a motor 
and an engine at the same time to improve the power output at low speed and 
fuel consumption, while at the same time adopting traditional fuels, which is a 
mixed driving mode with oil as the core complemented by electricity. With 
continuous improvement of environmental requirements and market promo- 
tion, the development of hybrid power vehicles has started to convert from the 
original gasoline hybrid power to diesel oil hybrid power; the driving mode of 
oil as the core complemented by electricity is in transition to electricity as the 
core complemented by oil. 

In conclusion, the hybrid power vehicle has a variety of advantages. Through 
using hybrid power, the maximum power of an internal combustion engine can 
be determined according to the average required power. At this time, the 
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internal combustion engine is working under the optimal condition: it has low 
oil consumption and little pollution; when the internal combustion engine is 
under power, batteries will be used to complement the insufficiency; and the 
surplus power when there are fewer loads can be used to generate electricity to 
charge the batteries. Because the internal combustion engine can work con- 
tinuously, batteries can get charged continuously as well; thus, the driving 
mileage of hybrid power vehicles is just the same as with ordinary vehicles. In 
addition, the energy during braking, downhill driving, and idling speed can be 
recycled due to batteries. In urban areas, the internal combustion engine can 
be shut down and the vehicle will be driven only by batteries, which realizes 
zero emission. Furthermore, hybrid power vehicles can easily solve the prob- 
lems of large energy consumption with air conditioning, heating, defrosting, 
and so on that are encountered by BEVs. At last, hybrid power vehicles can be 
refueled in available gas stations without wasting existing investments. The 
batteries can also be maintained in good working condition without being 
overcharged or over-discharged, which helps to extend their service life and to 
reduce costs as well [11]. 

However, a hybrid power vehicle also has its own shortcomings. For exam- 
ple, fuel saving can barely be achieved when the vehicle drives a long distance 
at high speed; and the complicated power system is not conducive to repair 
and maintenance of the vehicle. 


1.2.1.3 Fuel Cell Vehicles 

Fuel cell vehicle refers to a vehicle that adopts a fuel cell as its power supply. 
Chemical reactions of fuel cells do not produce harmful substances, so the fuel 
cell vehicle is a pollution-free vehicle (see Figure 1.8). 

Since the energy conversion efficiency of fuel cells is 2-3 times higher than 
that of the internal combustion engine, a fuel cell vehicle is ideal in terms of 
energy use and environmental protection. Individual fuel cells must be com- 
bined to form a fuel battery module, so as to obtain necessary power to meet 
the requirements of vehicle use. 

In recent years, fuel cell technology has achieved significant progress. 
Famous automobile manufacturers all over the world have announced that 
they would invest in R&D of fuel cells. But commercial cars with fuel cells are 
still in the testing stage, and only sample cars and concept cars have been 
launched in the market. Besides, fuel cell carriages are also in the initial stage; 
there are only a few reports about their demonstration driving in some areas of 
North America. 

It can be said that technical factors comprise the main obstacle that hinders 
the development and promotion of fuel cell vehicles. Challenges also still exist 
for marketization: integrating the fuel battery module, improving the integration 
level of fuel cell processors of commercial vehicles and accessories, reducing 
component costs, and so on. 
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Figure 1.8 Schematic diagram of the basic structure of a fuel cell electric vehicle. 


In summary, fuel cell vehicles possess the following advantages compared 
with conventional vehicles: zero emission or nearly zero emission, reduced 
water pollution caused by oil leaks, reduced emission of greenhouse gases, 
improved fuel economy, improved engine combustion efficiency, and ability to 
drive smoothly and without noise. A fuel cell vehicle is likely to be the final 
development trend of EVs in the long term [12]. 


1.2.2 Development Trends for Electric Vehicles 


Large-scale application of EVs depends on innovations and breakthroughs in 
battery technology, motor technology, vehicle technology, and the marketiza- 
tion mode [13]. 


1) The core of EV development depends on battery technology: The following 
problems concerning battery technology need to be addressed: first, the 
cost of existing new energy batteries is still very high. Only after the cost is 
reduced to a more reasonable range, EVs will be able to replace fuel vehicles 
gradually. Second, the driving mileage of EVs is still very short. Due to limited 
battery capacity, existing EVs can only travel inside the city. Larger battery 
capacity and higher energy conversion efficiency are required for EVs to 
travel across regions. These factors restrict the use of EVs. Third, quick 
charge and discharge are in demand. The energy conversion of existing 
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batteries takes a long time, which brings great inconvenience to the application 
of batteries. Improving the speed of charge and discharge as well as ensur- 
ing the health status of batteries are also future development trends. Fourth, 
more environmentally friendly manufacturing technologies are needed. 
The starting point for developing new-energy vehicles is to save energy and 
protect the environment, and this concept is also consistent through the 
whole development process of EVs. 

The key point of EV development is continuous innovation of motor technology: 
The creation of a switched reluctance motor drive system breaks the tradi- 
tional motor design theory and power supply mode of sine-wave voltage 
sources. With the development of electronic technology and computer 
technology, motor drive system designs have entered a new golden age. 
However, the existing power systems are designed for fuel vehicles. Electric 
motors of new EVs are usually simply improved in technology and are not 
redesigned according to the changes of the direct current system and elec- 
tric circuit when the vehicles are going uphill, downhill, and driving on flat 
or bumpy roads. As a result, situations such as a complex drive circuit, low 
motor efficiency and power density, and insufficient universality for complex 
road conditions may occur. Researching and developing a high-density, 
high-efficiency, lightweight, low-cost, and wide-speed-range traction motor 
drive system is one of the main hotspots of EV development in the future. 
The key to EV development is to improve vehicle technology: As an integrated 
and entire project, all components and parts of automobiles are organically 
integrated. Thus, improvement of technologies in all aspects instead of 
restricted to energy transmission systems will promote the sound progress 
of EVs. For example, better and light materials for the vehicle body and bet- 
ter manufacturing technology will offset structural strength risks caused by 
the weight of the battery. Also, a microelectronics-based intelligent and 
integrated monitoring and management system of EVs can manage all sec- 
tions of the power transmission chain; strengthen battery management, 
charge and discharge control, and electronic control system monitoring; 
and involve extending the service life of battery. In addition, the application 
of a new feeder system and supercapacitors can realize energy recovery dur- 
ing braking, downhill, and idling; and new tires made from high elastic 
hysteresis material can reduce 50% of the rolling resistance, reduce the 
impact of traffic on the EV battery’s output power, and protect the ultimate 
battery output. 

The standing point of EV development is the exploitation of the market 
operation mode: From the view of marketization, two technical routes of 
fuel vehicles and EVs are still in parallel, even if the battery technology 
becomes more mature. This can only be solved through continuous sup- 
port from government and through alternation of business models. If final 
energy consumption is considered only, the energy efficiency of EVs that 
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adopt coal power as the main power source is nearly the same as with a 
fuel vehicle; if the energy loss during the conversion is also considered, the 
energy efficiency of EV will be lower than that of the fuel vehicle. Only 
when an EV is powered entirely by clean energy can its advantages of 
energy saving and environmental protection be fully embodied, and its 
commercialization is based on the industrialization of new energy. 
However, if nuclear power, hydropower, photovoltaic power, and so on are 
used as power sources of EVs, guidance of macro policies and joint plan- 
ning of the entire industry are needed. For existing operating modes, only 
conversion from a demonstration pilot of scientific research to pure com- 
mercialization driven by interests will promote the development of the EV 
industry. 


As the contradictions between gasoline and petroleum are becoming 
increasingly prominent nowadays, strategic directions of all countries in the 
short term will be transiting from HPEVs to BEVs from the aspects of envi- 
ronmental protection of new energy and international development tenden- 
cies. Therefore, the key point at present is the market-oriented promotion of 
BEVs and HPEVs. With regard to energy and environment, EVs are really “a 
long-term solution instead of a short-term or medium-term one.” 


1.3 The Electric Vehicle Industry’s Ideas and Policies 
at Home and Abroad 


1.3.1 Difficulties and Challenges in Developing Electric Vehicles 
in Various Countries 


The development of new high-energy batteries has greatly increased EVs’ driv- 
ing mileage and reduced their charging time, further helping the EVs enter a 
new development stage and begin to step into practical application. 

Although the development of the EVs is in a good state, based on different 
national conditions of various countries, the EVs in various regions have devel- 
oped their own unique patterns. However, there are still certain difficulties and 
challenges in the development of EVs both at home and abroad. 

In view of the progress in the R&D of EVs at home and abroad, the EVs them- 
selves still have many technical problems that are not completely resolved. 
This fundamentally affects EVs’ overall performance, such as with their driving 
system, battery power supply system, and so forth, and thus further affects the 
development of EVs. 

The main causes that impede the industrial development of three detailed 
types of EVs are also different. As for the BEVs, the biggest technical obstacles 
lie in the energy efficiency and stability of the power storage battery; as for 
the fuel cell vehicles, the biggest technical obstacles lie in safety and 
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miniaturization of the fuel cell; as for the hybrid power vehicles, the biggest 
technical obstacles lie in the optimal configuration and control of the power 
compounding system as well as in stabilizing the process of power shifting. In 
addition, in the view of environmental protection and energy saving, energy 
saving and emission reduction of the EVs possess relativity, not having achieved 
the assumed ideals either. Moreover, the imperfection of relative policies and 
regulations as well as the slow marketization of auxiliary projects in EV devel- 
opment are also major influencing factors. 


When it comes to the detailed development of EVs in various countries, the 


following problems exist: 


1) 


Challenges to the development of EVs in the United States: Battery and other 
related technologies have not met the requirements of commercialization. 
The United States does not possess some heavy metals and rare earth 
elements that are necessary for high-energy batteries, such as chromium, 
nickel, lithium, and so forth. This is likely to make the United States turn 
from dependence on oil imports toward dependence on other imported 
goods and materials. The developmental strategy directions in various 
states are not uniform. The EVs bring about new safety and pollution prob- 
lems. The oversize holding of fuel vehicles will lead to the relatively low rate 
of upgrading. 

Challenges to the development of EVs in Europe: The selling prices of com- 
mercialized EVs in European countries have stayed at a high level. Under 
the immature conditions of mileage, price, battery endurance time, charg- 
ing time, and auxiliary charging equipment, the inconformity of policies 
among various countries makes scale development more difficult. Successful 
implementation shall depend on lots of governmental subsidies. But at pre- 
sent, the European governments are suffering from a debt crisis, and it is 
hard for them to give actual and effective supports. Moreover, the oversize 
holding of fuel vehicles that leads to their relatively low rate of upgrading is 
also an important influencing factor. 

Challenges to the development of EVs in Japan: The new-energy vehicles 
that are most popular in Japan are the hybrid power vehicles. Converting 
them into plug-in hybrid power vehicles will increase their cost and weight, 
and the BEVs have the problems of cost, performance, operating range, and 
so forth. These problems need to be solved. 

Electric vehicles are the products of a combination of automotive 
technology and electronic technology. Due to the superiority of EVs com- 
pared to the traditional vehicles, they show wide and great prospects. 
However, current technology is not mature, and there are some problems 
encountered in the popularization. All governments hope to have a long- 
term perspective, make deployments in advance, and organize and expand 
the self-dependent innovations of EVs. 
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4) Problems Existing in the development of EVs in China: China still has a 
certain gap in the overall technology of EVs compared to Europe and the 
United States. The joint insufficiency among enterprises in the R&D field of 
EVs is not conducive to mastering key technologies. The auxiliary facilities 
for the development of EVs are not perfect, and the massive supporting 
infrastructures need systematic planning and huge investment. The struc- 
ture of the power source is mainly via thermal power. Energies consumed by 
EVs are essentially from coal, which also can produce a resource crisis, so 
the environmental benefits of the EVs are not obvious. 


1.3.2 Policy Support for Electric Vehicles among Different Countries 


In July 1976, the US Congress passed an act to accelerate the development of 
EVs by the means of legislation, governmental funding, fiscal subsidy, and so 
on [14]. In 1990, California formulated restricting rules to prevent air pollu- 
tion, stipulated as follows: by 1998, the sales of zero-pollution vehicles would 
have accounted for 2% of the sales of new vehicles; by 2000, the sales of zero- 
pollution vehicles would have accounted for 5% of the sales of new vehicles; 
and, by 2003, the sales of zero-pollution vehicles would have accounted for 10% 
of the sales of new vehicles. This also stimulated the development of EVs in 
another way. Later, 10 other states in the eastern United States also passed 
corresponding laws and regulations. The enforcement of these laws and regu- 
lations has promoted the small-lot and commercialized production as well as 
the practical application of EVs. Since then, the United States has issued a 
series of policies that encourage the development and production of EVs. 
These factors further accelerated the industrialization progress of EVs in the 
United States, and have had some effects. The US federal government also has 
introduced a series of powerful measures in order to promote the plan of 
PHEVs. Also, it has spent $14 billion to support the development and produc- 
tion of power batteries and key components, and to support the charging 
infrastructure construction, subsidies for consumer vehicle purchases, and 
government procurement [15]. 

Many states in the United States offer favorable policies to establish charging 
stations. In Oregon, 35% of the costs of investments in establishing charging sta- 
tions can be eligible for exemption from duty and tax. Maryland not only offers 
a 20%-off tax preference, but also offers a 50% refund subsidy to the costs for a 
family’s installation of a charge socket for private hybrid electric vehicles, for 
personal investment in establishing charging stations and gas stations, as well as 
for additional construction of charging facilities, with maximums of $900, $5000, 
and $7500, respectively. The west coast regions of the United States, as well as 
Massachusetts, the state of New York, and other states in the northeast, keep 
ahead in establishing vehicle-charging stations. California, where Tesla Motors is 
located, has 2266 charging stations, and New York has 489. Even Texas, which 
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is rich in oil, also has established 694 charging stations for EVs. According to 
information issued by the Energy Information Administration of the US 
Department of Energy, in the United States there are currently 15,179 stations 
that can supply energy for alternative-energy vehicles, among which the stations 
with the largest number and quickest development are EV charging stations. 
There are 10,685 EV charging stations, most of which are open to the public, 
with only 1824 stations serving registered users. 

The European Commission issued the New European Energy Policy in 2007, 
aiming to reduce greenhouse gas emission by 20%, increase the proportion of 
renewable energy sources to 20% by 2020, and simultaneously increase R&D 
budgets by 50% in the field of European energy by 2012. European govern- 
ments also formulated lots of policies and measures to promote the develop- 
ment and consumption of EVs. In 1994, the German Technical Research 
Department offered a subsidy of 150 million German marks to the develop- 
ment of EVs. Later, it further subsidized the experiments of a new generation 
of EVs, and it offered overvalued subsidies, low-interest loans, tax reductions, 
and other preferential schemes to encourage the purchase of EVs. On August 
19, 2009, the German government issued a plan aiming to make Germany pos- 
sess 1 million EVs by 2020 [16]. The German government hopes to break 
through the bottlenecks in technology and infrastructure through this plan, 
making Germany the leader in the EV market. The French government signed 
agreements with automobile manufacturers to promote the use of EVs in 20 
cities. At present, France has over 10 cities with operating EVs and possesses 
quite comprehensive charging stations and other service facilities, and the gov- 
ernment takes the lead in using EVs. In order to promote the use of EVs, the 
French government also adopted a policy that “enterprises can be free of tax in 
the first year of purchasing electric vehicles” Meanwhile, when the EV manu- 
facturers produce one EV, Electricité de France will provide a subsidy of 10,000 
euros, in order to extend the usable range of electric power. At present, popu- 
larization and ownership of EVs in France are at the forefront of the world. The 
British government has invested over £20 million to support the development 
of EVs, and it has implemented several preferential policies for EV use, such as 
a free license tax, free road maintenance expense, collection of 50% of the usual 
electric fee while charging at night, and so on [17]. 

In 1991, Japan’s Ministry of International Trade and Industry made the 3rd 
Plan of Electric Vehicle Popularization to promote the popularization and 
application of EVs. In 1996, encouragement policies on EV purchasing formu- 
lated by the Ministry of International Trade and Industry stipulated that the 
purchasers and leasing enterprises of EVs would obtain a subsidy that amounts 
to 50% of the price difference between EVs and common fuel vehicles. Since 
1998, the subsidy amounts of other allowances for EV purchasing provided by 
Japan’s Environment Agency for local governments and private enterprises 
have reached, respectively, 50% and 25% of vehicle costs. In addition, Japan also 
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offered subsidies for consumers who purchase environmentally friendly 
vehicles. In view of the Japanese government’s preferential policies for envi- 
ronmentally friendly vehicles, over 160 vehicle models can enjoy the preferen- 
tial policies, accounting for over 80% of current vehicle models on sale. All 
consumers who purchase EVs can enjoy the reduction or exemption of an 
automobile acquisition tax, fixed assets tax, special land conservation tax, and 
the like. Since the preferential policies have been implemented, the sales of 
new-energy vehicles in Japan have risen. In particular, the demand for the 
hybrid power vehicle Toyota Prius exceeds the supply, and its annual sales are 
over 1 million. Japan also has stimulated a market demand for EVs through 
laws and regulations, mainly reflected in implementing strict emission 
standards for vehicles and formulating strict laws and regulations [18]. 

From a macro-policy perspective, the Chinese government put forward a 
“three vertical and three horizontal” development thought: adhering to inde- 
pendent innovation; striving to master the principles focused on core tech- 
nologies, key components, and system integration; and establishing the 
research layout that takes HPEVs, BEVs, and FCEVs as “three vertical” issues 
and takes vehicle control systems, motor drive systems, and power storage bat- 
teries/fuel cells as “three horizontal” issues in common development [19]. 

The Chinese government’s outline of the national 12th Five-Year Plan 
determined the development routine of new-energy vehicles as “the new 
energy vehicle industry focuses on developing the technologies of plug-in 
hybrid electric vehicles, battery electric vehicles and fuel cell vehicles” 
According to the Subject Plan on Technology Development of Electric 
Vehicles issued by the Ministry of Science and Technology in 2015, scale 
demonstration and promotion should be carried out in over 30 cities, and 
pilot application of a new commercial pattern should be conducted in more 
than five cities. On January 28, 2014, China’s Ministry of Finance, Ministry of 
Science and Technology, Ministry of Industry and Information, and 
Development and Reform Commission published the notice and clearly 
offered long-term subsidies for new-energy vehicles. At the same time, since 
the announcement in December 2013 of 28 cities and areas as the first-batch 
cities in the promotion and application of new-energy vehicles, these four 
departments and commissions also issued a notice and approved lists for a 
second batch of promoted cities on the basis of the first batch, including 
Shenyang, Changchun, and so on. 

According to the Chinese government’s Development Planning, by 2015, the 
total outputs and sales of BEVs and plug-in hybrid power vehicles would have 
reached half a million; and, by 2020, the outputs of BEVs and plug-in hybrid 
power vehicles would have reached 2 million, making the accumulated outputs 
and sales exceed 5 million [20]. 

The General Office of the State Council published this instruction in 2015. It 
requires China to basically establish the charging infrastructure system with 
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appropriate advance, the availability of charging piles for vehicles by 2020, 
and intelligence and efficiency, to meet the charging needs of more than 
5 million EVs [21]. 

All localities also actively introduced some local policies, laws, and regula- 
tions to promote the development of EVs, expecting to catch up on the trend of 
new-energy development. Beijing and Shanghai have issued the BEV licenses, 
stipulating that there is no other qualification limit for vehicle purchasing, to 
encourage citizens to purchase EVs to improve the urban environment. 
Shenzhen has issued policies, such as remission of parking fees, electricity sub- 
sidies, priority for starting off, charges for disposing pollutants on traditional 
fuels according to emission volume, and so on, in order to encourage organiza- 
tions and individuals to purchase and use new-energy vehicles. 


1.4 The Basic Structure and Working Principles 
of Electrochemical Power Sources 


1.4.1 Overview 


The device that converts chemical energy into electrical energy is called 
an electrochemical power source, usually known as an electrochemical cell 
or electrochemical battery. The Italian biologist Luigi Galvani first dis- 
covered bioelectricity in 1791. In 1800, Alessandro Volta (1745-1827), an 
Italian chemist, simulated Galvani’s experiment, and he thought that 
spasms of frog thigh were caused by electricity produced when two differ- 
ent metals were in contact. Then, he piled the zinc and silver plates 
together, and added woolen cloth and leather absorbed with saltwater in 
the middle, thus making the first real electrochemical power source in the 
world [22]. 

Sixty years later, the lead acid battery appeared. It was invented by Gaston 
Planté in 1859. As yet, it is still widely used in all aspects of life. Later, in 
1868, Georges Leclanché invented the zinc manganese dioxide (Zn-MnO,) 
dry battery. Waldemar Jungner and Thomas Edison invented the alkaline 
secondary batteries Cd-Ni and Fe-Ni, respectively in 1899 and 1901. These 
inventions had far-reaching significance for the development of electro- 
chemical power sources. Over the next decades, the Zn-Ag battery, Ni-MH 
battery and lithium battery appeared in succession on this basis, and they 
gradually realized industrialization. In the 1980s, the lithium-ion battery 
attracted the eyes of scientists. In 1991, a lithium-ion battery was suc- 
cessfully made, and it achieved commercialization. Now it is a commonly 
recognized green-energy source [23]. It is believed that with further devel- 
opments in science and technology, there will be more new batteries 
emerging. 
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1.4.2 Constitutions and Working Principles of Electrochemical 
Power Sources 


As a kind of energy conversion device, the electrochemical power source's process 
of converting chemical energy directly into electrical energy must meet two require- 
ments: the energy conversion process is essentially an oxidation-reduction reaction 
process, but the oxidation process and reduction process of the reaction must be 
conducted in two separate areas; and, during the conversion process, substances’ 
receiving and losing of electrons must be done through an external circuit. 

As is seen from these basic requirements of electrochemical power sources, 
not all the devices producing an oxidation-reduction reaction can be called 
electrochemical power sources. The first requirement distinguishes the differ- 
ences between the oxidation-reduction reaction in batteries and the oxidation- 
reduction reaction in chemistry. The second requirement points out the 
differences between the electrochemical power source and a microbattery in 
the electrochemical corrosion field [24]. See Figure 1.9. 

Because of these basic requirements that the electrochemical power source 
must meet, its operating characteristics are determined as follows: 


1) Oxidation-reduction reaction of the battery should be conducted on the 
electrode—solution interface, including the two processes of substance 
transportation and electron transfer. 


Power source 


Positive electrode Negative electrode 


Figure 1.9 Basic structure chart of an electrochemical power source. 


Development of Electric Vehicles and Power Batteries 


2) Oxidation and reduction reactions in the electrochemical reaction 
process are always being produced by “conjugation” and occur in various 
areas. 

3) When a battery discharges, the positive electrode of the battery produces an 
oxidation reaction, which is called a cathode; the negative electrode produces 
a reduction reaction, which is called an anode. 

4) In the electrochemical reaction process, the transfer pathway of electrons is 
through an external circuit. 


To summarize, an electrochemical power source shall consist of four compo- 
nents: an electrode, electrolyte, diaphragm, and packing case. 


Electrode: This includes the cathode and anode as the core components of the 
battery. An electrode normally consists of active material of a battery and 
conductive plate or conductive frame. Active material is a kind of material 
that undergoes electrochemical reactions during the charge—discharge pro- 
cess of the battery. 

Electrolyte: This is an important component of the battery, called the “blood” 
of the battery; it is the carrier of ion transport in the battery. 

Separator: This is also called a battery separator, referring to a layer of dia- 
phragm material between the positive and negative electrodes. It is a very 
critical part of the battery, having direct impacts on battery safety and cost. 
Its main functions are to isolate the cathode and anode, so that the battery 
electrons cannot pass through freely, and make the ions of electrolyte pass 
freely through a particular routine between the cathode and anode. The 
ionic conductivity of the battery diaphragm directly influences the bat- 
tery’s overall performance. Its function of isolating the positive electrode 
from the negative electrode can help the battery to limit the increase of 
current under conditions of overcharge or temperature rise, preventing 
explosions caused by battery short-circuiting. It has a self-closing function 
of micropores that has the effects of security protection on battery users 
and equipment. 

Packing case: This is a kind of protective device wrapped around the outside of 
the battery cell, and it mainly plays a protective role for the battery. 


Based on various working properties, the electrochemical power source can 
be classified into two types: a one-shot battery (also called a primary battery) 
and secondary battery (namely, a storage battery). The main difference between 
a one-shot battery and secondary battery is that the secondary battery’s struc- 
ture and volume make reversible changes when it is discharging, while the 
one-shot battery cannot charge again to make itself recover after discharge. 
At the present stage, EV power sources mainly use secondary batteries, and the 
lithium-ion battery is used in the mainstream. 
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1.4.3 The Lithium-lon Power Battery and Its Working Principles 


The lithium-ion storage battery is developed on the basis of the lithium-ion 
battery. All the positive electrode and negative electrode active materials of 
lithium-ion batteries use active materials that have a layer of free lithium-ion 
deintercalation function or tunnel structure. The positive electrode and negative 
electrode materials have different lithium potentials of deintercalation. The 
positive electrode materials usually use Li-insertion compounds, such as 
LiMO, (M=Co, Ni, Mn, etc.) with a layer structure, LiMn2.O, with a spinel 
structure, LIMPO; (M =Co, Ni, Mn, Fe, etc.) with an olivine structure, or Li3Mo 
(PO,)3 (in which M =V, Fe, Zr, Ti, etc.), and so on. (See Table 1.2.) The negative 
electrode materials use intercalated lithium substances whose potential 
approaches the metal lithium potential, such as coke, graphite, metal nitride of 
lithium transition, transition metal oxides, and so on. (See Table 1.3.) The elec- 
trolyte salts include LiPF,, LiAsF,, LiClO, and so on. The solvents include 
ethylene carbonate (EC), butylene carbonate (BC), propylene carbonate (PC), 
diethyl carbonate (DEC), dimethyl carbonate (DMC), and so on [25]. 
The chemical expressions for the battery system are: 


(-) Cx | LiPF, | LiM,O, (+) 

Positive electrode reaction: LiMO, > Li;_,MO,+xLi* + xe 
Negative electrode reaction: nC + xLi* + xe > Li,C,, 
Battery reaction: LiMO,+ nC > Li;_,~MO,+ Li,C, 


The essence of the lithium-ion battery reaction is the battery with concentration 
differences. Its working voltage is related to the concentration of lithium ions 
in electrode materials. When the battery is charging, lithium ions extract from 
the lattice of positive electrode materials, pass through the solution and dia- 
phragm in electrolyte, and then intercalate into the lattice of negative electrode 
materials. The positive electrode is under the state of poor lithium. When the 
battery is discharging, it will undergo the above process in the opposite direction. 
Lithium ions extract from the lattice of negative electrode materials, pass 


Table 1.2 Characteristic comparisons of various cathode materials. 


Theory capacity Capacity Energy density 
Cathode materials (mAh/kg) (mAh/g) Voltage(V) (Wh/kg) 
LiCoO, 274. ~140 3.6 110 ~ 190 
NCA(LiNio53C093Alo,1702) 287 ~180 3.6 110 ~ 190 
NCM(Lij/3C01/3Mnj/30>) 194 ~145 3.6 110 ~ 190 
LiMn Ox, 148 ~100 3.8 100 ~110 


LiFePO, 170 120~140 3.2 95~110 
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Table 1.3 Characteristic comparisons of various anode materials. 


Capacity Material Material Power at 
Anode materials (mAh/g) Voltage(V) Cycling safety cost lowT 
Natural graphite ~360 ~0.1 Medium Good Low Ok 
Artificial graphite/ 320~330 ~0.1 Good Good Medium Ok 
MCMB 
Soft carbon ~330 ~0.1 Medium Good Low Ok 
Hard carbon 200~220 0.8~0.1 Excellent Good High Good 
Lithium titanate 160~170 1.5 Excellent Excellent High Excellent 


through the solution in electrolyte, then intercalate into the lattice of positive 
electrode materials. Positive electrodes will then be under the state of rich 
lithium. The working principle is shown in Figure 1.10. 

In order to keep the electric charge balanced in the process of charging 
and discharging, when the lithium ions deintercalate from the positive and 
negative electrodes, the same number of electrons transfer through the 
external circuit, making the oxidation-reduction reaction occur between 
positive and negative electrodes and the battery keep certain potentials. 
Under the condition of normal charge and discharge, the lithium ions will 
deintercalate repeatedly. In general, it will not destroy the lattice structure, 


Charge 


Positive Discharge Negative 
electrode electrode 


O Lithium o Oxygen © Metal C Graphite layers 


Figure 1.10 Schematic diagram of a lithium-ion battery’s working principles. 
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and the material lattice structure will not change on the whole. In view of 
the reversibility of charging and discharging, the reaction between positive 
and negative electrodes of a lithium-ion battery is a kind of ideal reversible 
reaction. In the process of charging and discharging, lithium ions’ repeated 
movements of deintercalation between the positive and negative electrodes 
is just like a rocking chair, so the image of a lithium-ion battery is vividly 
called a rocking chair battery [26]. 


1.5 Classification and Fundamental Parameters 
of Lithium-lon Power Batteries 


1.5.1 Classification of Lithium-lon Power Batteries 


Research on lithium-ion batteries started relatively late, at the end of the 1980s. 
In 1983, M. Thackeray, J. Goodenough, and colleagues found that mangan- 
spinel, with its low cost, steady performance, and good electrical conductivity 
and diffusion performance of lithium ions, was an excellent positive electrode 
material. Compared with lithium cobaltate, it has the advantages of high decom- 
position temperature and low oxidability. So even if a short-circuit or overcharge 
occurs, the fire and explosion risks also can be avoided effectively. In 1989, 
A. Manthiram and Goodenough found that the voltages produced by the posi- 
tive electrode of a polymer anion were higher. In 1991, Sony Corporation 
released the first commercial lithium-ion battery. It was an epoch-making 
research development. Since the lithium-ion battery appeared, R&D work 
around it has been carried out continuously. Later, at the end of the 1990s, the 
lithium polymer battery was invented. After 2002, the iron phosphate-lithium 
power battery was introduced. The types of batteries have also been increasing. 

There are various types of classification based on different lithium-ion 
battery types. As divided by shapes, there are: square, cylindrical, and others; 
as divided by positive electrode materials, there are: lithium cobalt, lithium 
iron, lithium manganese, and the like; and, as divided by applications, there are: 
communication applications, energy storage applications, power applications, 
and others. 

The positive electrode material is the most critical raw material in a lithium- 
ion battery. Its good or bad quality directly determines the performance of all 
aspects of the lithium-ion battery, and it is also the component with the highest 
proportion of costs in a lithium-ion battery, accounting for 40% of the total 
costs of a lithium-ion battery cell. As for the lithium-ion power battery, the 
safety and stability of the lithium-ion battery are critical. The selection of 
positive electrode materials is directly related to the safety and stability of the 
lithium-ion power battery. So its classification is mainly divided by the differences 
in positive electrode materials [27]. 
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Cathode material : LiFePO, Cathode material : LiMn,O, 


Figure 1.11 Chart of typical lithium-ion positive electrode materials. 


In the current market, the positive electrode materials of lithium-ion batter- 
ies mainly are lithium cobalt oxide (LiCoO;), lithium iron phosphate (LiFePO,), 
lithium manganese oxide (LiMn,O,), lithium nickel oxide (LiNiO2), and ter- 
nary composite material Li (Ni,Co,Mnz) Oy. Figure 1.11 is a chart of typical 
lithium-ion positive electrode materials. 

According to the development objectives for EV power batteries set by the 
USABC, power batteries for new-energy automobiles shall contain the follow- 
ing characteristics: 


1) High energy density: This reflects the endurance mileage. 

2) High power density: This reflects the accelerating ability, climbing property, 
and load driving capability of EVs. 

3) High charging and discharging efficiency: This requires that the power bat- 
tery can finish charging efficiently as soon as possible to ensure the effi- 
ciency of the whole vehicle. 

4) Good stability: The working condition of the power battery is relatively 
complex, and its performance must be relatively stable. 

5) Low cost: The initial purchasing cost of new-energy vehicles depends mostly 
on the cost of the power battery itself. Lower power battery costs will greatly 
reduce the acquisition cost of new-energy vehicles. In addition, it is neces- 
sary to improve the service life of batteries to extend the replacement cycle. 

6) Excellent safety: When the battery works in bad conditions or when any 
collisions and other accidents happen, this shall ensure no battery auto- 
ignition or explosion, and no harm to passengers. 


Commercialized power batteries mainly use the three categories of materials, 
namely lithium manganate, lithium iron phosphate, and ternary material. 
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Figure 1.12 Structure chart of olivine-type LiFePO,. 


A lithium iron phosphate battery is a kind of lithium-ion power battery 
used currently in the mainstream. In 1997, the Goodenough Group first 
reported that lithium iron (II) phosphate, namely LiFePOs,, of olivine struc- 
tures can reversibly deintercalate from lithium ions. Since then, it has been 
regarded as an ideal positive electrode material for a lithium-ion battery [28]. 
(See Figure 1.12.) 

Compared with most lithium compounds, LiFePO, has a higher open-circuit 
voltage (3.45 Viii); its theoretical capacity is 170 mAh/g, and if it can make 
all lithium ions deintercalate and intercalate reversibly, the capacity will be big- 
ger than the actual capacity of a commercialized LiCoO (140 mAh/g). Because 
the olivine structure is quite steady, LiFePO,’s cycle movements of charging 
and discharging are excellent, and the capacity fading is small, so LiFePO; is a 
kind of material that possesses the high working voltage, high specific energy, 
high theoretical capacity, good thermal stability, low self-discharge, no mem- 
ory effects, excellent cyclicity, low price, and environmentally friendly features 
and other advantages of LiCoO2, LiMn2O,, LiNiO,, and other materials: 


1) Steady discharge: The nominal voltage of a LiFePO, battery is 3.2 V, the end- 
of-charge voltage is 3.65 V, the end-of-discharge voltage is 2.0V, and the 
discharge voltage is 3.2 V; all of those are quite steady. 

2) Large specific capacity and high efficiency of output: Standard discharge is 
2~5 C, continuous high-current discharge reaches 10 C, and instantaneous 
impulsive discharge (10s) reaches 20 C. 

3) Wide working temperature range (-20 to 75°C), and good performance at 
high temperature: The internal temperature reaches 95°C when the external 
temperature is 65°C, the temperature reaches 160°C when the battery ends 
discharging, and the internal structure of the battery is safe and complete. 
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4) Excellent safety: Even if the battery is damaged inside or outside, the battery 
will not burn or explode with best safety. 

5) Long service life: Its circle life is excellent, and after 500 cycles, the discharge 
capacity is still greater than 95%; when the lithium iron phosphate single 
battery produced by a laboratory is undergoing a circle test of 1 C, its circle 
life reaches 2000 times. 

6) Over-discharging to zero volts causes no damage: After being stored for 
7 days, the zero-voltage battery does not leak and the performance is good, 
with the capacity reaching 100%; after being stored for 30 days, there is no 
leakage, good performance, and 98% of overall capacity; and the battery that 
is stored for 30 days makes charge—discharge circles three times, and the 
capacity will return to 100%. 

7) Quick charging and low self-discharge without memory effect: A high current 
(2 C) charges and discharges quickly, and under a special discharger, 1.5 C 
charging in 40 minutes can make a full battery, and the breakaway starting 
current can reach 2 C. 

8) Low cost and less pollution to the environment. 


These advantages make the LiFePO, material a new lithium-ion battery 
positive electrode material with the greatest development and application 
prospects, especially the greatest market prospects in an EV industry in need 
of large power sources [29]. 

Compared with traditional lithium cobaltate, lithium manganate positive elec- 
trode material has the advantages of rich manganese resources, nontoxicity, no 
pollution, and low price. The lithium manganese oxides in many current research 
situations mainly have the layered Li,MnO, series for 3 V and spinel Li,Mn.O, 
series for 4V. Among them, lithium manganate in spinel structure is the concern 
of current research. This positive electrode material’s theoretical capacity is 148 
mAh/g, and actual capacity is around 120 mAh/g. It has the advantages of easy 
composition and excellent safety performance. However, during the process of 
charging and discharging, Mn**/Mn”** will produce the Jahn-Teller effect in the 
conversion, and its volume changes greatly, making the circle performance of the 
material poor. Meanwhile, at a high temperature, the high dissolubility of Mn’ 
in electrolyte and the disproportionation of Mn** lead to fast capacity fading 
and bad electrochemical performance at high temperature with spinel-type 
lithium manganate; thus, the application of this material is severely limited. In 
order to improve the electrochemical performance of spinel lithium manganate, 
researchers usually use the following modification methods: the first one is using 
new synthetic methods to improve the material structure and morphology. 
Commonly used methods are the sol-gel method, co-precipitation method, 
chemical vapor deposition method, and pulsed laser deposition method. The 
second one is metal ion doping; for example, cobalt doping can reduce the Jahn- 
Teller effect to some extent, thus enhancing the circle stability. The third one is 
to clad with other materials on the surface of spinel lithium manganese, such as 
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Figure 1.13 Structure chart of spinel lithium manganese. 


the cobalt lithium monoxide and other positive electrode materials, to prevent 
the dissolution of Mn** and improve the circle performance. Because the voltage 
plateau of lithium manganese is quite high and its specific energy density is large, 
many vehicles use the lithium manganate battery for power due to the techno- 
logical improvements of lithium manganate. (See Figure 1.13.) 

Ternary composite material Li(Ni,Co,Mn,) O can be regarded as the solid 
molten material constituted by LiCoO2, LiNiO2, and LiMnO,. Therefore, the 
multicomposite material containing three elements of Ni, Co, and Mn can be 
constituted. In this composite material, cobalt can make Li‘ deintercalate or inter- 
calate more easily, and also improve the electrical conductivity and charge- 
discharge cycle performance of material; however, high cobalt content will reduce 
the reversible capacity of material. Nickel helps improve the reversible capacity of 
material, but redundant nickel will worsen its circle performance. The high con- 
tent of manganese easily leads to the spinel phase, destroying the layer structure 
of material. This material has the good circle performance of LiCoO,, high spe- 
cific capacity of LiNiO,, and low cost and high safety of LiMnO,. But the synthetic 
process of this material is relatively complex. At this stage, wide-scale uses in the 
lithium-ion power battery field are still few [30]. (See Figure 1.14.) 

Overall performance comparisons of various types of battery systems can be 
seen in Table 1.4. 


1.5.2 Fundamental Standard Characteristic Parameters of the 
Lithium-lon Power Batteries 


There are many important parameter indexes for evaluating the performance 
of lithium-ion power battery. The lithium-ion power battery combines with its 
own characteristics of usage, mainly in view of the following aspects: internal 
resistance of battery, battery capacity, open-circuit voltage and working 
voltage, time of discharge plateau, rate capability, self-discharge rate, charge- 
discharge efficiency and circle life, and so on. 
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Figure 1.14 Structure chart of layered ternary composite materials. 


Table 1.4 Status of lithium-ion battery systems for automotive applications. 


Chemistry system NCA/C (LMO+XYZ)/C — LFP/C NMC/C LMO/LTO 
Energy density (Wh/kg) ~145 ~110 100~110 ~145 ~70 
Power density Good Excellent Good Excellent Excellent 
Safety Poor Good Excellent Medium Perfect 
Lifetime calendar (HT) Good Poor Medium Good Poor 
Lifetime cycling Medium Good Excellent Good Excellent 
Self-discharge Good Good Poor Good Medium 
Specific cost Poor Good Good Medium Medium 


1) Internal resistance of battery: This refers to the resistance encountered by 
currents as they pass through the internal battery when the battery is working. 
It consists of ohm internal resistance and polarization internal resistance. If 
the value of a battery’s internal resistance is large, it will cause the voltage of 
battery discharge to decrease, and discharge time is shortened. The internal 
resistance is mainly affected by material, manufacturing technique, structure, 
and other battery factors. Internal resistance of the battery is an important 
parameter for measuring the battery’s performance. 

2) Battery capacity: The battery capacity is divided into rated capacity and 
actual capacity. In the battery’s design and production, the minimum elec- 
tricity quantity discharged by the battery under a certain discharge condi- 
tion shall be specified. The actual battery capacity is the actual electric 
quantity discharged by the battery under a certain discharge condition, 
mainly affected by the discharge rate and temperature (so strictly speaking, 
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5) 


6) 


battery capacity shall specify the conditions of charging and discharging), 
and the unit of capacity is Ah (1 Ah = 1000 mAh). 

Open-circuit voltage and working voltage: This refers to the electric poten- 
tial difference between a battery’s positive and negative electrodes when 
the battery is under nonworking conditions, that is to say, when no cur- 
rents pass through in circuit. For example, after the lithium-ion battery 
whose positive electrode material is lithium iron phosphate is fully 
charged, its open-circuit voltage is around 3.2 ~3.3 V, and the discharge 
plateau is quite steady. The working voltage is also called the terminal 
voltage, referring to the electric potential difference between positive and 
negative electrodes of the battery when the battery is under working con- 
ditions, that is to say, when currents pass through in circuit. In the work- 
ing condition of discharging, when the currents pass through the inside of 
the battery, due to the existence of battery polarization, the working 
voltage is always lower than the open-circuit voltage. It is opposite in the 
condition of charging. 

Time of discharge plateau: This refers to the discharge time of discharging 
to a certain voltage when the battery is fully charged. For example, as for 
the ternary lithium-ion battery, to measure its time of discharge plateau of 
3.6 V, charge under constant pressure until the voltage reaches 4.2 V, and 
stop charging when the charging current is lower than 0.02 C; that is to 
say, after fully charging it, put it aside for 10 minutes. The discharge time 
of discharging to 3.6V under the discharge current at any rates is the 
time of discharge plateau under this current. Because all working voltages 
of electric appliances have voltage requirements, if the voltage is lower 
than the required value, it will fail to work. So the time of discharge plateau 
is one of the important standards to measure whether the battery perfor- 
mance is good or bad. 

Rate performance: The charge—discharge rate refers to the current value 
required when the battery discharges its rated capacity in the stipulated 
time. When the value of 1 C is equal to the rated capacity of the battery, it is 
generally indicated with the letter C. If the nominal rated capacity of the 
battery is 10 Ah, 10 A is the discharge current of 1 C (the rate is 1) when 
discharging, 5 A is 0.5 C, 100 A is 10 C, and the rest can be calculated in the 
same manner. Figure 1.15 is the measured discharge rate curve of a lithium- 
ion battery. 

Self-discharge rate: This is also called the charge retention capacity, 
referring to the retention capacity of an electric quantity stored by a bat- 
tery under certain conditions when the battery is in an open-circuit 
state. The performance index of the battery is mainly affected by manu- 
facturing technique, materials, storage conditions, and other battery 
factors, and it is an important parameter for measuring the battery’s 
performance. 
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Figure 1.15 Discharge rate curve of a lithium-ion battery whose positive electrode 
materials belong to the lithium iron phosphate type. 


7) 


Charge—discharge efficiency: The charge efficiency refers to a measure of 
consumed electric energy that can convert into the chemical energy that 
can be stored by a battery in the process of charging, and it is mainly affected 
by the technology, formula, and working environmental temperature of the 
battery. Generally, when the temperature is higher, the charge efficiency will 
decrease; discharge efficiency refers to the ratio between the rated capacity 
of a battery and the actual electric quantity discharged by endpoint voltage 
under certain discharge conditions, mainly affected by the discharge rate, 
environmental temperature, internal resistance of the battery, and other fac- 
tors. Under general conditions, the higher the discharge rate is, the lower 
the discharge efficiency becomes. The lower the temperature is, the lower 
the discharge efficiency becomes. 
Circle life: The circle life of the battery refers to the charge—discharge times 
that a battery experiences under certain charge—discharge systems when the 
battery capacity decreases to a specified value. In accordance with the require- 
ment of standards, it is stipulated that the capacity retention rate shall be kept 
over 60% under the condition of 1 C, after the battery has circled 500 times. 
In summary, for power batteries, the future focus is to deal with their energy, 


power, service life, cost, safety, and other core technical issues (see Table 1.5), 


to 


achieve the marketization of EVs. 
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Table 1.5 Main requirements of battery for automotive application. 


Plug-in hybrid electric vehicles 


Hybrid electric vehicles and extended-range electric vehicles Battery electric vehicles 


Power Energy Energy 

Life Power Life 

- Life Power 

- Recharge Recharge 

Total cost of ownership Total cost of ownership Total cost of ownership 
Safety Safety Safety 
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Assessment Technology Platform and Its 
Application for Reuse of Power Batteries 


The new generation of energy-saving and environmentally friendly vehicles, 
represented by electric vehicles (EVs), is an inexorable trend in the automobile 
industry’s development. The performance of power batteries will fade as use 
time increases; if the performance of a power battery drops to 80% before 
delivery, it will fail to meet the use standard of EVs. With the increase of the EV 
ownership, power batteries that fail to meet the use standard of EVs will retire 
in quantity. Retired power batteries cannot be used for EVs; instead, they can 
be used in some occasions with low requirements of power battery perfor- 
mance. The batteries retired from EVs are qualified for continuous usage in 
energy storage systems, especially small-scale distributed energy storage 
systems; moreover, retired power batteries could also be used in low-speed 
electrical vehicles, such as electric bicycles and electric motorcycle. Prolonging 
the service life of batteries as per this reuse model, and reducing the whole- 
lifecycle cost of power batteries, are of great significance to promote healthy 
development of the EV industry, and also are key issues to be solved for lithium- 
ion battery (LIB) promotion and their application in EVs. 


2.1 Retired Power Batteries and Their Reuse 


The power battery will go through four stages [1] in total from factory delivery 
to being scrapped, as shown in Figure 2.1, among which battery reuse is a key 
step. The performance of the power battery will fade as use time increases. 
When the performance of the power battery drops to 80% of the original per- 
formance, it is unable to satisfy the utilization standard of EVs, but it could be 
used in some situations with low requirements of power battery performance, 
namely entering the reuse stage (see Figure 2.2). With the increase of the EV 
ownership, power batteries that fail to meet the use standard of EVs will be 
retired in quantity. 

Plenty of batteries retired from EVs are qualified for continuous usage in 
energy storage systems, especially small-scale distributed energy storage 


Reuse and Recycling of Lithium-Ion Power Batteries, First Edition. Guangjin Zhao. 
© 2017 China Electric Power Press. Published 2017 by John Wiley & Sons Singapore Pte. Ltd. 


37 


38 | Reuse and Recycling of Lithium-lon Power Batteries 


+ —100% 80% 40% 20% 
4 = le = Retired batteries = 
J| E i reuse system 


Figure 2.1 Whole lifecycle of power battery. 


Start reusing 


100 


meee, 


80 


Older use 


Capacity retaining rate (%) 


60 | + L z 
40 ~ Primary use 
20 — —4 
6 | | 
0 2000 4000 6000 8000 10 000 12 000 


Cycle number 


Figure 2.2 Schematic diagram of retired battery reuse. 


systems [2]. Furthermore, they could be used to restrain and stabilize the output 
power of renewable energy’s power generation in an intermittent way, such as 
wind energy and solar energy (see Figure 2.3). Peak load shifting is implemented 
to ease the supply and demand imbalance of electrical loads (see Figure 2.4), to 
achieve the goal of economical power consumption, and to satisfy the bilateral 
interaction demand of intelligent grid energy (see Figure 2.5). When retired bat- 
teries are used as emergency power for a transformer substation or intelligent 
grid, losses caused by various electric power quality problems in transient state 
should be reduced. In addition, retired power batteries could also be used for 
low-speed EVs, such as electric bicycles or electric motor cars. 

At present, the cost of lithium-ion batteries is relative high. As 2009 data 
show (see Figure 2.6), the cost of a LIB per kilowatt-hour is $990-1220, so EVs 
are unable to be promoted and applied on a large scale. However, with the 
increase of the EV ownership the power battery module that fails to satisfy EV 
use standards will be retired largely. In the whole service life of a power battery, 
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Figure 2.3 Regulation effect of energy storage to photovoltaic (PV) and wind power. 
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Figure 2.4 Peak load-shifting function of energy storage battery. 
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Figure 2.6 Cost distribution character of power battery module. 


its life can be prolonged with this reuse model, and the whole-lifecycle cost of 
power batteries is reduced, which is of great significance to promote healthy 
development of the EV industry, also a key issue to be solved for LIB promo- 
tion and application in EVs [3]. 


Assessment Technology Platform 


Through research on retired battery reuse technology, the key technology of 
retired battery reuse could be solved systematically to use the maximum resid- 
ual value of vehicle power batteries; prolong their service life; reduce the 
whole-lifecycle cost, to reduce the battery’s operation cost and the EV’s use 
cost; and better promote the healthy and sustainable development of the EV 
industry. At the same time, since the energy storage system of batteries retired 
from EVs possesses lower energy storage cost, its application to all intelligent 
grid links of generation, transmission, transformation, distribution, and utili- 
zation will obtain higher applicability and technological economy. Besides, 
retired battery reuse could reduce the total quantity of battery raw materials 
for development and utilization, destruction to the ecological environment, 
and can also lighten the hazards based on the total amount. 


2.1.1 Research on Retired Battery Reuse, and Application Progress 


Research on reuse of EV power batteries has been carried out in the United 
States, Japan, and European countries. In 1996, Argonne National Laboratory in 
the United States engaged in research on secondary use of the EV battery. In 
2002, Sandia National Laboratory in the United States studied the secondary use 
of EV batteries, mainly considering them to be used for fixation applications. 

In October 2009, Japan's Toshiba proposed that, to popularize EVs, the battery 
cost must be decreased, and the company presented ways to effectively utilize the 
long-life feature of its new lithium titanate battery, the super charge ion battery 
(SCiB). If the capacity after 6000 charge—discharge times could be maintained at 
90% of its initial value, the battery may have a possibility of being used for 
domestic power storage purposes. Toshiba has already started negotiating with a 
leasing company, and is expected to realize leasing of extrinsic residual value. 

In September 2010, 4R Energy Company was founded by Nissan and 
Sumitomo; these two companies jointly researched the reutilization technol- 
ogy of lithium-ion batteries equipped for EVs (see Figure 2.7). On January 26, 
2011, four Japanese companies, namely GSYUASA, Mitsubishi Corporation, 
Mitsubishi Motors, and Lithium Energy Japan (LEJ), launched an empirical 
test of recycling and reusing lithium-ion batteries used on Mitsubishi EVs. 

On February 17, 2012, Toyota announced that they developed the reuse of 
Ni-MH rechargeable batteries, used for hybrid electric vehicles (HEVs), as sta- 
tionary batteries for a housing power supply system, and the empirical test had 
been implemented. 

In November 2012, General Motors Corporation and ABB (ASEA Brown 
Boveri) jointly demonstrated a brand-new attempt at future battery reutiliza- 
tion in San Francisco, California. Five batteries used in Chevrolet Volt storage 
were reintegrated into a modular unit, which could support 2 hours of power 
supply for 3-5 ordinary American families (see Figure 2.8). 

The Sustainable Energy Center in California have conducted research on 
secondary use of power batteries for many years, and currently it is studying 
some batteries from major electric motor companies, including Nissan, 
Chevrolet, Tesla, Mitsubishi, Ford, and so on. This research shows that the 
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Figure 2.7 Reuse energy storage empirical system of power battery developed by 4R 
Energy Company. 


Figure 2.8 Retired battery reutilization storage system of Volt electric vehicles (EVs). 


used EV batteries still contain a lot of electricity that could also be used for 
energy storage, to contribute to electric power cost reduction. Now, such 
research has entered into a validation stage, at the University of California, San 
Diego; wasted batteries are gathered and introduced into a microgrid, to 
observe their actual usage. 
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China’s Energy Saving and New Energy Automobile Industry Development 
Plan proposed to enhance reuse and recycling management of power batteries, 
including instructions to: 


Formulating the management measures to recycle and use power battery, 
setting up power battery reuse and recycling management system, defining 
the relevant parties’ responsibilities, rights and obligations. Guiding the 
power battery production enterprises to strengthen the recycling of waste 
batteries, encouraging developing the enterprise which is handling the bat- 
tery recycling business professionally. Setting enterprise entry conditions 
of power batteries recycle and utilization strictly, specify technical stand- 
ard and management standard for all links of power batteries collection, 
storage, transport, treatment, regeneration and use, final disposal, and so 
on. Paying more work to supervise and urge enterprises concerned to 
improve technological level, and implement various environmental regula- 
tions strictly, and taking strict precautions against heavy metal pollution. 


In 2011, China’s 863 Plane of major project for intelligent grid crucial tech- 
nology research task, named as the Electric Vehicle Charge-Discharge-Storage 
Integrated Power Station System and Engineering Demonstration, was offi- 
cially launched and implemented. It involves research on power battery reuse, 
mainly including: studying the screening principle, grouping method, and 
system scheme of battery reuse. A charge—discharge—storage integrated power 
station mainly consists of four parts, as shown in Figure 2.9: the dispatch 
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Figure 2.9 Structure chart of a charge—discharge-storage integrated power station. 
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center, multipurpose converter device, battery-charging and replacement sys- 
tem, and battery reuse system. The integrated power station conducts energy 
and information exchange with the EVs and power grid, respectively, to realize 
the function of each part. 

In 2011, a project of the Technology Research and Demonstration Application 
of Power Battery Reuse was launched by Beijing Municipal Science and 
Technology Commission, which took batteries retired from the Olympic 
Charging Station as its research object; conducted research on a parameters 
performance test method, evaluation method, and consistency evaluation 
method and indicator, combining retired battery test data to carry out battery 
economy analysis and research; and applied relevant equipment and technology 
to a demonstration system, to realize a science and technology achievement 
transformation. On July 11, 2011, an EV intelligent charge—change-storage— 
discharge integrated demonstration power station was put into trial operation 
in Xuejiadao, Qingdao. The Xuejiadao Battery Charging and Replacement 
Station first established a station for EVs integrating bus battery charging and 
replacement, passenger vehicle battery central charging, and energy storage, 
and it is designed and installed with a 2000 kW cascade battery energy storage 
device, realizing reuse of power batteries. On March 15, 2013, a Battery 
Charging and Replacement Station in Gaoan Village, Beijing, was put into 
operation; it is a battery-charging and replacement station for EVs with the 
largest scale and strongest service ability in the world currently. The Battery 
Charging and Replacement Station in Gaoan Village utilizes the energy storage 
of retired power batteries with a battery rack that integrates charging and 
energy storage, and gets charged with peak power at nighttime, to realize peak 
load shifting and battery reuse. 

For retired battery reuse, the State Grid Henan Electric Power Company 
Electric Power Research Institute has mainly researched battery-sorting evalu- 
ations, the application technology of reuse, engineering demonstrations, eval- 
uation methods of economic applicability, and so on (see Figure 2.10). A series 
of research results are obtained, especially on the basic research problems of 
retired battery reuse (see Figure 2.11), including: developing the lossless sort- 
ing and detection technology to sort out retired batteries with a higher residual 
capacity; establishing a “battery healthy state” evaluation method system based 
on core key parameters, and further screening out batteries that could be used 
in a reuse model; developing a retired battery-balancing technique with active- 
passive collaborative responses; and manufacturing a battery management 
system (BMS). Based on the balancing technique and BMS, the reused battery 
is recombined and integrated as an energy storage system for secondary use, to 
realize battery life extension, battery cost reduction, and energy storage. A low- 
cost energy storage system based on retired batteries at the hundred-kilowatt 
level has been developed, and demonstration application in the wind- 
photovoltaic (PV)—storage hybrid microgrid in the Jianshan Testing Center of 
State Grid Henan Electric Power Company has been achieved (see Figure 2.12). 
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Figure 2.10 Research strategy on retired battery reuse of the Electric Power Research 
Institute of the State Grid Henan Electric Power Company. 


We can conclude that in the worldwide, the field of new-energy vehicle 
power LIB reutilization mainly focuses on information, communication and 
technology, domestic and renewable energy generation and storage, and so on, 
with emphasis on conducting effect practice verification (see Table 2.1). 

In a word, the current worldwide situation for battery reuse is as follows: (1) 
it is mostly occurring in the exploration and research stages, or in small-scale 
demonstration application; (2) the application field is single, mainly for short- 
time household power supply systems; and (3) most of the research is verifica- 
tion-type research, not involving systemic research or application of reuse 
technology. 

In addition, power battery reuse also has many problems as to be solved, 
such as historical data deficiency, inconsistency of battery module standards, 
and uncertainty regarding the performance and service life of retired power 
batteries. Therefore, on a global scale, the empirical and experimental work on 
EV battery reuse is carried out in a number of institutes and enterprises, while 
from the reports, technological achievements related to characteristics and 
application technology of retired battery ontology are scarce. 


2.1.2 Challenges Facing Retired Battery Reuse 


With respect to reuse of retired batteries, the following problems must be 
taken into account: the disassembly technology of retired battery modules, the 
safety and reliability of retired battery reuse and techniques for evaluating this, 
and the performance and life of retired battery reuse. 

Among these, the technology issues that are deserve research and attention 
are retired battery module disassembly, safety evaluation, and life evaluation. 
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Figure 2.11 Research on retired battery reuse of the Electric Power Research Institute of the State Grid Henan Electric 
Power Company. 
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Mobile energy storage system 


Figure 2.12 Retired battery energy storage system developed by the Electric Power Research 
Institute of the State Grid Henan Electric Power Company, and its application in a microgrid. 


2.1.2.1 Disassembly of Retired Battery Modules 

The disassembly steps of retired battery modules (packs) are as follows: box 
outer shell disassembly > control circuit disassembly (including circuit protec- 
tion) > coupling circuit disassembly > forcible entry of battery module outer 
shell > dissociation of cell. Taking the square cell, bolt connection mode as an 
example, see Figure 2.13 for the battery module disassembly process. Currently, 
the common mean is mainly manual operation, assisted with necessary tools; 
this is inefficient, and personal safety cannot be guaranteed. 

How to improve and realize automation, intellectualization, and assembly 
lines for disassembly of wasted battery modules relate to the efficiency and cost 
of battery recycling and use, which are also the critical factors affecting its 
scaling and industrializing. However, the energy storage and power battery are 
retired in a whole set. Different energy storage power station and vehicle mod- 
els have different battery pack designs, so the internal and external design 
structure, connection mode of module groups, and process technology are dif- 
ferent, which means there is no one disassembly line that could adapt to all the 
battery packs or module groups. This requires a flexible configuration process 
when conducting battery disassembly, a disassembly line for segment refining, 
and attempts to reuse workshop sections and processes on existing disassem- 
bly lines as far as possible, to raise working efficiency and decrease cost. 
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Table 2.1 Statistics of worldwide power battery reuse. 


Country 


Japan 


United 
States 


United 
States and 
Japan 


China 


Germany 


Application area 


Domestic and 
commercial 
energy storage 


Portable power 
supply 


Domestic energy 
storage 


Commercial 
energy storage 


Power grid 
energy storage 


Case description 


4R Energy Company was founded by Nissan and Sumitomo in 
joint capital, for engaging in reuse of wasted EV batteries, 
applying used batteries from Nissan Leaf cars sold or leased 
in Japan and US to residential and commercial energy storage 
devices. 


FreeWire, a US venture company, launched a charger baby 
product for EVs, which is used for all EVs and is named Mobi 
Charger; equipped with an idler wheel convenient for 
movement, mainly specific to working areas, such as office 
buildings. 


US EnerDel Company and Japan’s ITOCHU generalized reuse 
batteries in partial newly built apartments. 


Engineering demonstration of a 100 KWh reuse battery 
energy storage system costs 2 years, which was completed by 
China Electric Power Research Institute, State Grid Beijing 
Electric Power Company, and Beijing Jiaotong University 
jointly, passing acceptance on June 19, 2014. 


In 2010, TUV SUD was entrusted by the Germany Federal 
Institute for Building to participate in a research project on 
EV battery reuse, and to establish a demonstration project of 
energy storage application in Berlin. This project obtained 
funding from the Germany Energy and Climate Research 
Institute. 


Participants 


4R Energy Company 


FreeWire 


EnerDel Company 
and ITOCHU 


China Electric Power 
Research Institute, 
State Grid Beijing 
Electric Power 
Company, and Beijing 
Jiaotong University 


TUV SUD 


Nature 


Business 
operations 


Demonstration 
projects 


Germany 


*China 


China 


Power grid 
energy storage 


Low-speed EV 
and power grid 
energy storage 


Power grid 
energy storage 


The Bosch Group built a 2MW/2 MWh large-scale 
photovoltaic power station energy storage system with 
batteries retired from BMW ActiveE and i3 Blade electric 
vehicles. Such energy storage systems will be operated and 
maintained by Vattenfall Company. This project was built in 
Berlin and was put into operation at the end of 2015. 


Conduct refit demonstrations on electric field vehicles, 
electric fork trucks, and electrical power utility substations 
with retired power batteries. After practical measurement, 
the performance of a recycled battery has a certain advantage 
compared with a traditional lead—acid cell; so does the 
economic efficiency. 


Henan Province successfully established a retired power 
battery energy storage engineering demonstration in August 
2013, at the Zhengzhou Jianshan Real Model Transmission 
Line Test Base, which is the first real hybrid microgrid system 
based on retired power batteries in China. 


Bosch Group, BMW, 
and Vattenfall 
Company 


State Grid Beijing 
Electric Power 
Company, Beijing 
University of 
Technology, and 
Beijing Pride New 
Energy Battery 
Science and 
Technology Co. 
State Grid Henan 
Electric Power 
Company, NARI 
Group, and others 
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Table 2.1 (Continued) 


Country 


United 
States 


United 
States 


United 
States and 
Sweden 


United 
States 


United 
States 


Application area 


Comprehensive 


Distributed 
generation and 
microgrid 


Smart grid 


Economic 
benefits 


Technology and 
commercial 
feasibility 


Case description 


In 2002, the US Department of Energy set up and entrusted 
Sandia National Lab to carry out secondary utilization 
research on batteries retired from vehicles for the first time, 
and conducted a preliminary study mainly focused on the 
field, process, procedures, economy efficiency, and 
demonstration scale of battery reuse. 


In 2010, the US National Renewable Energy Laboratory 
started research on reuse of lithium-ion batteries from 
plug-in hybrid electric vehicles (PHEVs) and battery EVs, and 
suggested that the retired batteries could be used in wind 
power generation, photovoltaic batteries, independent power 
supply in remote and border areas, etc. 


American General and Sweden's ABB Group jointly carried 
out investigation and research on reuse of vehicle-mounted 
lithium-ion batteries (aiming at plug-in hybrid EV Volt in 
volume production at the end of 2010), including an 
intelligent grid, such as power storage generated by a solar 
battery system, wind power generation system, etc. 


1) Davis, from the Hybrid Electric Vehicle Research Center at 
the University of California, conducted research on reuse of 
lithium-ion power batteries, value analysis, etc., in 2010. 

2) Viswanathan and Kintner-Meyer from the Pacific 
Northwest National Laboratory studied the economic benefit 
of power battery secondary utilization in grid systems. 


Duke Energy and Tokyo-based ITOCHU signed a cooperative 
agreement on evaluation and testing of secondary utilization 
of EV batteries. These used batteries supplement household 
energy supply and renewable energy storage. Determine the 
feasibility on technology and business of these batteries for 
secondary utilization. 


Participants 


Sandia National 
Laboratory 


US National 
Renewable Energy 
Laboratory 


General (US) and ABB 
(Sweden) 


University of 
California and Pacific 
Northwest National 
Laboratory 


Duke Energy and 
ITOCHU 


Nature 


Project 
research 
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Figure 2.13 Schematic diagram of battery module disassembly. 


2.1.2.2 Safety Evaluation of Retired Batteries 
The safety of the retired battery is one of the core factors to be considered first of 
all for reuse. Research and reports on safety evaluation methods for retired bat- 
teries are very rare, and the common methods refer to relevant state standards, 
industrial standards, or enterprise standards, but these are mainly targeted to 
new power LIBs or energy storage LIBs. It is hard to conclude whether these 
standards are fit for safety evaluations of retired batteries, or whether these 
standards could evaluate the safety of retired batteries accurately. 

Anyway, safety shall be the first consideration during the reuse process at 
all times. 


2.1.2.3 Life of Retired Batteries 

Under the ideal state, the whole lifecycle of power batteries is over 15 years, 
and the reuse life is over five years; while the actual life of power batteries shall 
depend on the use value and performance during first use and under the reuse 
environment. The actual retirement standards and times for different battery 
modules are also different, depending on the specific application setting of 
EVs, including the following: the final life is also different due to climate condi- 
tions of usage occasion, application principles, the specification and the scale 
of battery module, the retirement time, and so on. 
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2.2 Information Systems for Reuse 
for Retired Batteries 


For EV reuse, various performance parameters of the battery before retirement 
shall be learned sufficiently, because the optimization design of the reuse 
scheme could be realized only based on actual and reliable historical data. 
Furthermore, since reuse adopts a retired battery, it requires more to learn its 
performance to guarantee safety during the use process. Hence, the informa- 
tion system of reuse mainly includes two aspects: a monitoring system for the 
EV battery-charging and replacement station, and an information system of 
retired battery reuse. 


2.2.1 Monitoring Battery-Charging and Replacement Stations for EVs 


EVs adopt battery charging and replacement to realize power supply. There are 
three power supply modes for EVs at present: general AC charging, rapid DC 
charging, and battery replacement. Facilities of battery charging and replace- 
ment for EVs generally include charging stations, battery replacement stations, 
battery distribution centers, AC charging spots with centralized or scattered 
arrangement, and so on [4]. 

Under the premises that charging facilities of EVs can provide safe and con- 
venient charging services, the operation state and environment of equipment 
in an EV charging station and battery replacement station (or battery-charging 
and replacement station) shall also be monitored and managed applying 
information, network, and communication technology. 

The monitoring system of an EV battery-charging and replacement station 
could integrate state information, parameter and configuration information, 
battery charging and replacement process and other real-time information, 
and so on from intelligent devices, such as a charging facility in the station, 
battery box replacement equipment, distribution equipment, video, and envi- 
ronment monitoring equipment, to realize monitoring and management 
thereto. It can possess functions of communication with a superior monitoring 
and management system, further realize automation for management and con- 
trol of battery-charging and replacement facilities, thus building a perfect and 
high-efficiency battery-charging and replacement facility monitoring system. 
Moreover, combined with distribution automation and other systems, one can 
apply a suitable regulation strategy, conduct regulation and control of battery- 
charging and replacement facilities in areas that could achieve the goal of 
effective utilization of the power grid source, and reduce influence of the 
power grid. 

The monitoring system of an EV battery-charging and replacement station 
comprises the system structure, communication network structure, hardware 
equipment, and soft system, mainly including parts of the power supply 
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system, charging (battery replacement) system, security and protection system, 
billing and measurement system, monitoring system, and so on. Each battery 
charging and replacement station is constituted by one or multiple subsystem(s) 
of them. Among these, the monitoring and management functions for an 
operating state for EVs and batteries are as follows: 


1) Collecting information on the EV working state, speed, longitude, latitude, 
and so on. Collecting the EV’s battery state of charge, bus voltage, battery cur- 
rent, maximum temperature of battery module, monomer maximum voltage 
of battery module, battery number of monomer maximum voltage, monomer 
minimum voltage, battery number of monomer minimum voltage, and so on. 

2) Possessing the ability to calculate the EV’s running mileage and power 
consumption for hundreds of kilometers, based on the collected EV infor- 
mation of longitude, latitude, battery capacity, and so on. 

3) Possessing the ability of real-time display of the EV’s running state informa- 
tion, battery operating state information, drive route, and so on in GIS. 


2.2.2 Information System for Retired Battery Reuse 


Conducting retired battery reuse involves a series of procedures, including 
historical operating data collection and analysis of retired batteries, as well as 
collection, systemization, packaging, reutilization, and so on of retired batter- 
ies. In order to effectively utilize and integrate retired batteries from different 
places, follow the whole-lifecycle data of battery utilization links, improve the 
battery management level during reuse steps, reduce battery waste caused by 
improper management during the storage process, and so on. The information 
system of retired battery reuse is very crucial; it may be used for retired battery 
source tracking and data source of statistics, with full utilization of supply 
chain management. A platform could be provided for improving the use ratio 
of retired batteries in later stages. 

The design idea for an information system for retired battery reuse uses the 
concept of logistics storage for the steps of battery reuse, which is formed by 
combining information treatment and data analysis functions. It’s mainly used 
to set a certain amount of warehouse functions or add virtual warehouse func- 
tions for possible circulation, storage, and utilization steps; integrate various 
battery information and data via an information platform; and realize all- 
dimensional whole-life management to batteries (see Figure 2.14). This is to 
realize the organic unification of information, data, and management; fully 
utilize retired battery sources and get suitable reuse batteries; and improve the 
reuse battery management level. The overall structure is shown in Figure 2.15. 


2.2.2.1 Information System Design Principles for Retired Battery Reuse 
During the battery reuse process, the most valuable data is the whole-lifecycle 
data of batteries, and it is meaningless to observe merely the static battery 
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Figure 2.14 Management mode of whole life period of power battery. 
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Figure 2.15 Overall structure diagram of information system of retired battery reuse. 
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whole-lifecycle data; only collection and analysis of reuse battery real-time 
operation data in the application is scientific and objective. By mastering the 
operation data of the battery’s whole lifecycle, it is possible to further research 
and judge the fade law and trends of reuse battery life. However, under the 
current management and technology levels, it is very difficult to obtain whole- 
lifecycle data on batteries. 

By virtue of technology of the Web of Things, adopting a coding technique of 
two-dimensional code, an information system of retired battery reuse is 
expected to realize whole-lifecycle data observation and record to each piece 
of the battery. Since it is generally a combination series—parallel connection 
application of a large number of cells for battery utilization, the coding amount 
is much greater than that of the coding technique, and the application field is 
much wider; this could guarantee the uniqueness of whole-lifecycle coding in 
battery reuse, to track the battery’s whole-lifecycle course. 

It is obvious that the Web of Things means an Internet connecting things to 
things. This has two meanings: first, the core and basis of the Web of Things 
are still the Internet, which is an extended and expanded network. Second, its 
user side has been extended and expanded to among anything, conducting 
information exchange and communication. It is a fusion application between 
intellisense, recognition technology, and pervasive computing, in a ubiquitous 
network. In China, some enterprises and colleges and universities, such as 
Soochow University, China Electric Power Equipment and Technology Co., 
Southeast University, and Qiqihar University, have already taken the lead in 
launching relevant research. 


55 


56 


Reuse and Recycling of Lithium-lon Power Batteries 


The design of an information system for retired battery reuse shall be con- 
ducted as per the following principles: 

The actual process mainly depends on the ZigBee network’s stationing and 
networking, collection, transmission, and so on. The monitoring of reuse and 
real-time display surveillance of operating parameter information could be real- 
ized with an optical tracking transmitter, a terminal collection control node, as 
well as an automatic group of tracking collection and control programs, through 
a ZigBee area monitoring and management module of a wireless sensor network 
and the remote access module of an Internet-adopting client-server mode. 

As for the battery, at the same time of conducting flexible protection by real- 
time measurement of current, voltage, and temperature, transmit the fault 
information to the remote supervision platform to conduct more precise fault 
diagnosis; determine the fault type, nature, and position; and allowing timely 
treatment to the fault, to prevent fault spread and enlargement. Specific to the 
operation (and based on the internal and external of application place and on 
the features of three different distribution situations, combining battery prop- 
erty relation variations as well as various management issues adapting to its 
operation mode), apply different specific technologies to solve problems of 
overall identity recognition, dynamic inventory, grouping management, com- 
prehensive statistics analysis, safety prevention, and so on. 


2.2.2.2 Overall Design of System 

The utilization software consists of several modules, such as dictionary manage- 
ment, module management, organizational management, role management, 
function management, user management, warehouse management, materials 
management, and items utilization, to realize the system's intended functions. 


2.2.2.3 Information System Debugging for Retired Battery Reuse 

In order to guarantee reliability and solve crucial technology problems during 
the testing stage combining white-box testing and black-box testing, the basic 
target is to perform the perfect test as far as possible with minimum high- 
efficiency test data, to discover as many problems in the software as possible. 


2.2.2.4 Information System Functions for Retired Battery Reuse 

An information system for retired battery reuse mainly includes: a retired 
battery parameters collection, parameters analysis, battery classification, pack- 
age, battery pack utilization track, generation of analysis report of the battery’s 
whole lifecycle, essential data algorithm maintenance, and so on. These possess 
the following functions: 


1) Parameters collection for retired batteries: Collect the historical operation 
parameters from the battery replacement station through a defined com- 
munication agreement, including: the type of battery, manufacturer, service 
life, series—parallel connection mode, management mode of the battery 
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module, voltage of the battery module and monomer, residual capacity, 
healthy state, fault and overhaul record, cycling times, charging times, 
misuse, and so on. All are saved to a local database. 

2) Parameter analysis: Conduct preliminary sorting based on the battery 
information record, and reject degraded and scrapped batteries; as for the 
rest, conduct a parameter analysis and calculation with a preset algorithm, 
combining history operation data of the battery. 

3) Classification of battery: Classify batteries based on analysis results, to 
provide a scientific basis for applying them to different purposes. 

4) Matching: Conduct matching to batteries that meet the requirements to 
form a battery module. Generate the sole code for the battery module, and 
install a communication module for convenience of battery module track- 
ing at a later stage. 

5) Battery module utilization tracking: Collect battery module parameters 
after reuse regularly, conduct an analysis, and judge whether such a battery 
module is qualified for current work. 

6) Generate an analysis report on the battery's whole lifecycle: All detailed 
information could be presented in the form of a report, addressing issues 
from the earliest parameter collection of batteries retired from a battery 
replacement station, to such battery utilization to date. With data accumu- 
lation, the law of battery aging could also be analyzed. 

7) Essential data algorithm maintenance: Essential data and algorithms 
required by battery parameter analysis maintenance. 


2.2.2.5 Goal Realization with Information Systems for Retired 

Battery Reuse 

The information management system of a cascade battery based on the Web of 
Things and 2D coding technology integrates all kinds of battery information 
and data via an information platform, 2D code technology, as well as Excel 
data-importing functions, and this can realize all-dimensional battery whole- 
lifecycle management in the end, so as to achieve organic unity and data 
integration of information, data, and management, and improve the reuse 
battery management level. See Figure 2.16 for a demonstration system. 


2.3 Sorting Assessment Technology for 
Retired Batteries 


Before beginning retired battery reuse, the batteries shall be sorted; reuse is 
possible only after batteries meet the requirements of reuse and are picked up 
for regrouping. The sorting and evaluation technology of retired battery reuse 
mainly includes: the disassembly method of retired batteries, the healthy state 
evaluation method of retired batteries, the comprehensive evaluation method 
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Figure 2.16 Operation demonstration of information system of retired battery reuse. 


of retired battery performance, and the rapid screening method of retired 
batteries that could be used for reuse. The remainder of this section mainly 
introduces these four methods. 


2.3.1 Disassembly Method of Retired Batteries 


In general, the power battery module is composed of thousands of single 
batteries, adopting the methods of parallel connection first and series connec- 
tion second for distribution, to make dozens of single batteries into a battery 
module. Then, a battery pack is formed with dozens of battery modules in 
series connection, and then a battery pack is formed with dozens, even hun- 
dreds, of battery packs in series (see Figure 2.17). During the operation process 
of the power battery pack, the whole battery module is out of service, or certain 
batteries in an individual battery module of the battery module are degraded so 
that the battery module as a unit is out of service. The out-of-service battery 
module could only enter into secondary utilization after a series of evaluations, 
such as forcible entry, module disassembly, visual sorting of single batteries, 
external characteristic sorting, safety inspection, and durability evaluation. 

If the battery is retired in a pack, disassemble the case cover; disconnect the 
circuit wiring; remove the guard plate, BMS, battery management unit (BMU), 
and other electrical components successively; and disassemble the internal 
battery modules with a wrench, step by step. 

At present, EVs adopt two power supply modes for charging and battery 
replacement. Misuse is severer under the charging mode, and the retired bat- 
tery modules are badly bulged and deformed (see Figure 2.18a); the battery’s 
appearance under replacement mode is more intact (see Figure 2.18b). 
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Figure 2.17 Power battery modules of EVs. 
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Charging mode Replacement mode 


Figure 2.18 Appearance of retired battery module. 
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Generally, under the charging mode, the outer shell of the battery module is 
broken and unable to be used again. The battery can be taken out by breaking 
the shell. Under the battery replacement mode, most of the outer shells of 
retired batteries can be used again; thus, it is not necessary to break the shell 
and disassemble it. 

Disassemble the battery module to dissociate the parallel battery into mono- 
mers. Monomers’ connection modes mainly include mechanical connection 
(see Figure 2.19), soldering welding (see Figure 2.20), and laser welding (see 
Figure 2.21), among others. 

For mechanical connection, the battery module is disassembled only by unscrew- 
ing the bolt and taking it down. For soldering welding, it is more complicated. A hot 
melting desoldering device is needed, and the most common desoldering methods 
are hot air filling and blowing, as well as electric heating with direct contact. 


Figure 2.20 Battery module welded by soldering. 
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Hot air filling and blowing make use of hot air for heating. The heat is delivered 
by air, and the heating distance and temperature cannot be controlled precisely; 
also, there is a risk of explosion and other safety hazards. For electric heating 
with direct contact, the battery’s internal polarization shall be noted and con- 
trolled, which will affect the performance and life of the battery; precautions and 
process control shall be addressed with special attention when desoldering. As 
well as the above two methods, the thermal cutting method could be adopted; 
the cutting head is connected with a heating device, and an exhaust gas absorp- 
tion device is set above the thermal cutting head. A welding spot cut under the 
partial heating can ensure that the battery after desoldering is free of damage and 
performance degradation, and also put into reuse. (See Figure 2.22.) 

For laser welding, desoldering is very difficult, and it usually cuts the welding 
spot. However, cutting shall not cause harm to the battery (whether physical 


Figure 2.21 Battery module welded by laser. 


Figure 2.22 Desoldering device of retired battery module. 
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cutting or laser cutting), which is very hard, and it has low efficiency, to the 
disadvantage of large-scale disassembly. 


2.3.2 Evaluation Method to Determine the Health of Retired Batteries 


Based on the research results discussed here, the safety, capacity, internal resist- 
ance, self-discharging rate, and cycle life are core parameters of a retired battery, 
and their dynamic performances could represent a retired battery’s healthy state, 
which will influence the applicability and economic efficiency of retired battery 
reuse directly. However, research shows that, on the macro scale, almost all the 
performance degradations of retired batteries are caused by structural or chemi- 
cal changes to the materials themselves on the molecule level, as well as material 
morphology or infrared characteristic changes on the micro-nano level. The 
core parameters of retired battery performance evaluation are to inspect the bat- 
tery’s safety and quality problems during the process of cycle utilization on EVs, 
such as shell leakproofness, internal micro short-circuit, and active materials 
falloff. The change features of battery materials’ physical and chemical proper- 
ties shall also be inspected at the molecular and micro-nano levels. 

Namely, the healthy state evaluation method of retired batteries shall go through 
the whole lifecycle, involving power battery history operation data collection and 
analysis, battery module disassembly, external characteristic evaluation and analy- 
sis, physical and chemical properties, safety evaluation, life prediction, and so on. 

Adopt a sampling inspection to disassemble the battery; systematically study 
the disintegration law and degradation properties of the battery materials, 
diaphragm, electrolyte, and so on; study the battery’s internal side reaction and 
the effect of its outcome on battery performance; study the electrochemical 
properties of the battery system; study the battery’s gas production mecha- 
nism, its effect on battery performance, and so on; and, in the end, determine 
the influence factors and core parameters that influence the retired battery’s 
disintegration and healthy state (see Figure 2.23). On this basis, establish a 
multiple-scale healthy state evaluation method for the whole lifecycle of 
a retired battery based on the micro-nano structure (see Figure 2.24). 

To sum up, the performance of retired batteries shall be evaluated from all 
dimensions, and the changes to a battery’s external characteristic parameters 
are just presentation; the core factor of battery fade is disintegration of the 
internal components’ physical and chemical properties. To analyze a battery’s 
healthy state under multiple scales and further obtain scientific results, it is 
significant to implement retired battery reuse. 


2.3.3 Comprehensive Evaluation Method of Retired Battery Performance 


Before grouping and using lithium-ion power batteries, the batteries’ external 
characteristics are generally based on battery capacity, internal resistance, 
charge—discharge curve, self-discharging, and so on to judge the batteries’ 
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Figure 2.23 Influence factors of a retired battery's healthy state. 
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Figure 2.24 Multiple-scale performance evaluation method system for retired batteries. 


performance and sort them; these are also the bases for battery grouping. 
However, for reused power batteries, due to the decrease of safety performance 
and electrochemical properties, before utilization the healthy state and 
safety shall be evaluated, including battery history operation, performance 
characteristic, and so on, to determine whether the battery is put into reuse 
and how to use it. 

Therefore, the sorting and evaluation method of retired batteries covers 
three levels: (1) whether the retired battery is damaged, (2) whether the retired 
battery is safe and healthy, and (3) whether the retired battery is put into reuse. 
(See Figure 2.25.) 


2.3.3.1 Sorting and Evaluation Method of Retired Batteries 

First, conduct visual recognition and sorting for a power battery retired from 
an EV, to determine whether it should enter the reuse process. Second, for 
power batteries entering reuse, analyze their performance characteristics to 
determine whether they obtain reuse value. Finally, inspect the internal micro- 
structure change of the reuse power batteries, and evaluate the battery’s safety 
and state of health (SOH). 


2.3.3.2 Sorting and Evaluation Method of Retired Batteries: System 
of Sorting Parameters and Evaluation Indicators 


1) Visual recognition sorting, including whether the appearance is intact; if the 
surface is flat and dry; whether there is breakage, deformation, dirty marks, 
or bulging; and whether the symbol is clear and correct. Visual recognition 
shall be conducted under good lighting conditions. 
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Figure 2.25 The core content of retired battery sorting and evaluation. 


2) 


Conduct a battery performance and characteristic analysis, including a 
history operation parameters analysis and basic performance parameter 
test analysis. A historical operation parameter analysis includes analyzing 
the battery regarding overcharging, over-discharging, operating environ- 
ment, service life, and available capacity. Test and analysis of basic perfor- 
mance parameters refer to testing and recording the main parameters of the 
battery, including voltage, internal resistance, capacity, high and low 
temperature performance, and charge retention. 

Detect the power battery internal microstructure change, and assess the 
battery security and healthy state, including: conduct an internal structure 
inspection of the retired battery, and implement 3D imaging through indus- 
trial computed tomography (CT) nondestructive testing and 3D imaging 
technology, to determine the battery’s SOH; and conduct a composition 
analysis to the carbon anode of a LIB with ’Li magnetic resonance imaging 
(MRI) device nondestructive testing, to detect whether fiber lithium exists 
and to judge the battery’s safety [5,6]. 


See Figure 2.26 for details. 


2.3.3.3 Sorting Parameters and Evaluation Weight of Retired Batteries 


1) 


Visual recognition sorting, including whether the appearance is intact; if the 
surface is flat and dry; whether there is breakage, deformation, dirty marks, 
or bulging; and whether the symbol is clear and correct. Visual recognition 
shall be conducted under good lighting conditions. 
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Figure 2.26 Sorting and evaluation indicator system for retired batteries. 


2) 


Historical operation parameter analysis includes analysis of each battery’s 

overcharging, over-discharging, operating environment, service life, and 

available capacity. When analyzing historical operation parameters, if any 

one of the following conditions is not met, the possibility of reuse shall be 

eliminated immediately: 

A) Charge under 0.5-1.0 C condition, till the voltage reaches 4.5-5.0 V, and 
the number of times is <5. 

B) Charge under 0.5-1.0 C condition, till the voltage reaches 1.0-2.0 V, and 
the number of times is <5. 

C) Operating times at the high temperature of 50-80°C are <5. 

D) Number of usage years is less than 8 years. 

E) Discharge capacity of battery at room temperature for 3 hours is greater 
than 60% of nominal value. 

Test and analysis of basic performance parameters refer to testing and 

recording the main parameters of the battery, including voltage, internal 

resistance, capacity, high- and low-temperature performance, charge reten- 

tion, and so on. The specific values of room temperature and high and low 

temperatures are, respectively, 20+5°C, 50+5°C, and -20+5°C. 
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When analyzing the test of basic performance parameters, if any one of the 


following conditions is not met, the possibility of reuse shall be eliminated 
immediately: 


1) 


2) 


U9 
= 


Voltage detection: If the detection value is zero or less than the end-off voltage, 
the possibility of reuse shall be eliminated directly. The cutoff discharge 
voltage is just that specified in enterprise technology conditions, within the 
range of 1.90-3.00 V, and varies depending on different types of LIBs. 
Internal resistance test: For a battery that passed the voltage test, test its 
internal resistance; if the internal resistance increase is 1.5 times greater 
than the initial value, the possibility of reuse shall be eliminated directly, 
and the initial value of said LIB’s internal resistance is <5 mQ. 

Capacity test: Under room temperature of 20+5°C, 0.3 C discharge capac- 
ity is greater than the rated 75%. Under room temperature of 20 + 5°C, 0.5 C 
discharge capacity is greater than the rated 70%. Under a low temperature 
of -20 + 5°C, and discharge at 0.3 C, the capacity shall not be less than 85% 
of that under room temperature. Under a high temperature of 50+ 5°C, and 
discharge at 0.3 C, the capacity shall not be less than 65% of that under room 
temperature. Under room temperature of 20+5°C, the charge retention of 
the power battery shall be greater than 80% of that under the rated value. 
Finally, the charge retention of the battery under a high temperature of 
50+5°C and low temperature of -20 + 5°C shall not be less than 70% of that 
under the rated value. 

The charge retention of test procedures includes: conduct a room tem- 
perature 0.3 C capacity test, record the actual discharged capacity, and con- 
duct full charging; the ambient temperature of the accumulator is 20+5°C, 
with an open circuit storage for 28 days. After 28 days of open circuit stor- 
age, conduct a 0.3 C capacity test under no charging conditions in room 
temperature, and record the residual capacity after storage. 

The capacity test procedures in the basic performance parameter test and 
analysis include: charge with 0.3 C (or 0.5 C) constant current under the 
stated temperature (room temperature and high and low temperature), till 
the accumulator voltage reaches its end-of-charge voltage and turns into a 
constant-voltage charge, and the charging current drops to 0.1 times the 
constant charging current. Then stop charging, and then the tested capacity 
is the battery charge capacity. 

Under the state of battery full capacity and a specified temperature condi- 
tion (room temperature and high and low temperature), discharge the power 
battery at a small rate till the battery voltage reaches the cutoff discharge 
voltage, stop the discharge, and then the measured capacity is just the battery 
discharge capacity. The specific end-of-charge voltage, which is specified in 
enterprise technology conditions, varies depending on the type of LIBs. 
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Figure 2.27 Retired battery sorting parameter and evaluation weight. 


4) Detect the power battery’s internal microstructure changes, and assess the 
battery’s security and SOH. This includes conducting a composition analy- 
sis of the LIB’s carbon negative electrode by industrial CT nondestructive 
testing, 3D imaging technology, and “Li NMR device nondestructive test- 
ing, to detect whether fiber lithium exists and judge the battery’s safety. 
Criterion for safety determination: the fiber lithium content on the carbon 
negative electrode is <15% (Li/C, wt/wt). 


See Figure 2.27 for details. 


2.3.3.4 Sorting and Evaluation Method Verification of Retired Batteries 

Choose six power batteries retired from a certain battery EV (BEV) bus, num- 
bered 1# to 6#, respectively, with the following factory specifications: a square 
soft-pack lithium-ion ferrous phosphate battery, nominal capacity: 25 Ah; 
nominal voltage: 3.20 V; charge cutoff voltage: 3.65 V; discharge cutoff voltage: 
2.00 V; and internal resistance: <5 mQ. 


2.3.3.4.1 Visual Recognition Sorting 

First, conduct visual recognition sorting for such six power batteries, which 
shall be conducted under outdoor good lighting conditions. Battery 1# is 
found to have obvious air bulging, and the battery symbol is blurring; 
according to the principle of visual sorting, the possibility of putting such 
battery into reuse shall be eliminated directly. Using visual recognition, the 
remaining five batteries all meet the reuse demand, namely: the appearance 
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is intact; the surface is flat and dry; there is no breakage, deformation, dirty 
marks, or bulging; and the symbol is clear and correct. According to the 
sorting result, five power batteries such as this are all able to enter reuse. 


2.3.3.4.2 Performance Characteristic Analysis 

Conduct a performance characteristic analysis on power batteries entering 
reuse (including historical operation parameters analysis and basic perfor- 
mance test analysis) to determine whether there is reuse value. According to 
the historical data of five batteries recorded in the charging and replacement 
station, the overcharging, over-discharging, operating environment, service 
life, and available capacity of each battery shall be analyzed. To be specific, 
when analyzing historical operation parameters, if any one of the following 
conditions is not met, the possibility of reuse shall be eliminated directly: 


1) Charge under 0.5-1.0 C condition, till the voltage reaches 4.5—5.0 V, and the 
number of times is <5. 

2) Charge under 0.5-1.0 C condition, till the voltage reaches 1.0-2.0 V, and the 
number of times is <5. 

3) Operating times at the high temperature of 50-80°C are <5. 

4) Number of usage years is less than 8 years. 

5) Discharge capacity of battery at room temperature for 3 hours is greater 
than 60% of nominal value. 


The historical data analysis results of five batteries are shown in Table 2.2. 
The 2# battery does not have reuse value according to the analysis results. 

Next, conduct a basic performance parameter test analysis to the four residual 
batteries, and test and record their main parameters: voltage, internal resistance, 
capacity, high and low temperature performance, and charge retention. To be 


Table 2.2 Analysis results of historical operation parameters of 2#, 3$#, 4#, 5#, and 6# 
batteries. 


Historical operation state 2# 3# A4# 5# 6# 
Charge under 0.5-1.0 C condition, till the voltage reaches 7 5 4 5 2 
4.5-5.0 V, and the number of times (times) 

Charge under 0.5-1.0 C condition, till the voltage reaches 5 4 3 1 2 


1.0-2.0 V, and the number of times (times) 
Operating times at the high temperature of 50-80°C (times) 6 5 5 5 5 
Number of usage years (year) 5 5 5 5 5 


Discharge capacity of battery at normal temperature for 3 16 16 17 16 18 
hours (Ah) 
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specific, when analyzing basic performance parameter test, if any one of the fol- 
lowing conditions is not met, the possibility of reuse shall be eliminated directly: 


1) Voltage test: If the detection value is zero or less than the discharge cutoff 
voltage, the possibility of reuse shall be eliminated directly, If the discharge 
cutoff voltage is 1.90-3.00 V, it is different for different types of lithium-ion 
batteries. 

2) Internal resistance test: After a battery has passed the voltage test, test its 
internal resistance; if the internal resistance increase is 1.5 times greater 
than the initial value, the possibility of reuse shall be eliminated directly, 
and the initial value of the said LIB’s internal resistance is <5 mQ. 

3) Under the condition that the temperature is 20+5°C, and discharge at 
0.3 C, the discharge capacity is greater than 75% of the rated value. 

4) Under the condition that the temperature is 20+5°C, and discharge at 
0.5 C, the discharge capacity is greater than 70% of the rated value. 

5) At alow temperature of -20 + 5°C, and discharge at 0.3 C, the capacity shall 
not be less than 85% of that under room temperature. 

6) At a high temperature of 50 + 5°C, and discharge at 0.3 C, the capacity shall 
not be less than 65% of that under room temperature. 

7) At room temperature of 20 +5°C, the charge retention of the power battery 
shall be greater than 80% of rated value, while the charge retention at a high 
temperature of 50+5°C and low temperature of -20 +5°C shall not be less 
than 70% of the rated value. 


The charge retention test procedures include the following: conduct a capac- 
ity test at room temperature and at 0.3 C, record the actual capacity discharged 
and conduct full charging at room temperature and at 0.3 C, and the ambient 
temperature of the accumulator is 20+5°C with open circuit storage for 
28 days. After 28 days of open circuit storage, conduct a capacity test at 0.3 C 
under no charging condition at room temperature, and record the residual 
capacity after storage. 

For a basic performance parameter test analysis, in Steps 3 through 7, the 
capacity test procedures include: Charge with a constant current at 0.3 C (or 
0.5 C) under the stated temperature (room temperature and high and low tem- 
peratures) condition, till the accumulator voltage reaches the end-of-charge 
voltage; then turn into a constant-voltage charge, and stop charging when 
the charging current drops to 0.1 times the constant charging current value; 
the measured capacity is the battery charge capacity. 

Under the state of battery full capacity and stated temperature condition 
(room and high low temperature), discharge the power battery at 0.3 C 
(or 0.5 C) till the voltage reaches the cutoff discharge voltage, and the 
measured capacity is the battery discharge capacity. 

The analysis test results of the performance characteristic parameters of the 
battery are shown in Table 2.3. According to the data results of Table 2.3, the 3# 
battery does not have reuse value. 
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2.3.3.4.3 Evaluate the Battery’s Internal Structure, SOH, and Safety, and Classify It 
Inspect the internal microstructure change of the reuse power battery, evaluate 
the battery’s safety and SOH, and classify the battery. First, conduct nonde- 
structive testing of the internal structure to 4#, 5#, and 6# batteries by industrial 
CT to realize 3D imaging. Note that a pole piece is bulged inside the 4# battery 
(see Figure 2.28), but it cannot be seen with the naked eye when identifying and 


Table 2.3 Analysis test results of performance characteristics of 3#, 4#, 5#, and 6# batteries. 


Electrical performance index 3# 4# 5# 6# 
Voltage (V) 1.80 3.20 3.33 3.45 
Internal resistance (mQ) 8.0 7.0 5.6 5.3 
Discharge capacity at 0.3 C and room temperature (Ah) 20 20 19 21 
Discharge capacity at 0.5 C and room temperature (Ah) 18 18 19 20 
Discharge capacity at 0.3 C and low temperature (Ah) 18 17 17 19 
Discharge capacity at 0.3 C and high temperature (Ah) 12 15 14 15 
Charge retention at room temperature (Ah) 17 18 19 20 
Charge retention at low temperature (Ah) 15 15 16 19 
Charge retention at high temperature (Ah) 16 15 15 19 


Figure 2.28 3D image of internal structure of 4# battery obtained by nondestructive test by 
industrial computed tomography (CT). 
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Figure 2.29 3D image of internal structure of 5# battery obtained by nondestructive test by 
industrial CT. 


separating based on appearance. According to the safety and reliability require- 
ments of energy storage batteries, the battery is a secondary healthy retired bat- 
tery. The test shows that the internal structure of the 5# and 6# batteries is intact, 
as shown in Figure 2.29, and they are classified as healthy retired batteries. 

Next, conduct nondestructive testing to the carbon negative electrode of the 
#5 and #6 batteries by "Li NMR, and analyze whether there is lithium fiber; the 
test shows that the carbon negative electrode of the 5# battery has a certain 
lithium fiber whose content is 16% (Li/C, wt/wt), and the tested value exceeds 
15% of the limit value, so the 5# battery is classified as a secondary safety retired 
battery, considered from the prospective of safety. The lithium fiber is not 
detected on the carbon negative electrode of the 6# battery. 

Finally, evaluate and verify the 6# battery separated by nondestructive 
testing. The specific procedures are: Conduct a capacity test at normal tem- 
perature to the battery, and obtain 21 Ah residual battery capacity. Test the 
cycling performance of the #6 battery in the meantime, and the specific result 
is: charge and discharge at 0.2 C, maintaining a >98% capacity retention ratio 
after cycling 10 times (see Figure 2.30 and Figure 2.31); and charge and 
discharge at 0.3 C, maintaining a >95% capacity retention ratio after cycling 
10 times (see Figure 2.32 and Figure 2.33), which reflects good cycling perfor- 
mance. The result shows that the battery separated by the method provided in 
the research has good performance. 
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Figure 2.30 Capacity-fading figure of 6# battery at 0.2 C. 
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Figure 2.31 Charging and discharging curve of 6# battery at 0.2 C. 


Compared with the traditional method of separating and evaluating batteries 
by characteristics such as appearance, capacity, and internal resistance, this 
method can determine the inner micro-short-circuit and microstructure 
changes of battery more accurately under the circumstance of not destroying 
the battery, and improve the safety and reliability of the separated battery. 


73 


74 


Reuse and Recycling of Lithium-lon Power Batteries 


at 0.3C 
25 
20 | — 
= 
< 15 
D 
O 
si 
g 10 
Oo 
5 —*— Discharge 
Charge 
0 


1 2 3 4 5 6 7 8 9 10 
Cycle number 


Figure 2.32 Capacity-fading figure of 6# battery at 0.3 C. 
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Figure 2.33 Charging and discharging curve of 6# battery at 0.3 C. 


2.3.4 Research on Fast and Accurate Screening Methods for Retired 


Batteries Can Be Used by Cascade 


The reuse separation method of retired batteries can screen out the battery via 
cascade through a series of complicated steps. However, the number of retired 
power batteries will be enormous in the future; the separation process of the 
regular method is long and complicated, with a heavy workload; and the sepa- 


ration efficiency is low. 
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The availability evaluation method of retired lithium-ion power batteries in 
the research includes the following steps: (1) establish the core parameter for 
determining the availability of a retired power LIB monomer; (2) establish a 
core parameter criterion of the availability of a retired power LIB monomer; 
and (3) establish the core parameter criterion assignment the weight of the 
availability of a retired power LIB monomer. The measured parameter of 
the evaluation method is less, the measuring method is simple and efficient, 
and the evaluation result is scientific and reliable, which can greatly improve 
the availability and separation efficiency of retired lithium-ion power batteries. 


2.3.4.1 A Fast and Accurate Screening Method and Index System 
for Retired Batteries That Can Be Used by Cascade 
1) The core parameters for determining the availability of a retired power LIB 
monomer include the residual capacity, safety, and cycling performance of 
the battery. 
2) The core parameter criteria of the availability of a retired power LIB monomer 
include: the battery SOH, internal resistance, decrease rate of puncture 
strength of the diaphragm, porosity of the diaphragm, and secondary cycle life. 
The core parameter criteria assignment weight of the availability of a 
retired power LIB monomer include the following: battery SOH shall not 
be less than 60%. The internal resistance value of the battery shall not be 
more than 5 mQ. The decrease rate of puncture strength of the diaphragm 
shall not be more than 18%. The porosity of the diaphragm is required to 
be no less than 30%. Requirements for secondary cycle life: under a condi- 
tion of 1 C charge—discharge, the residual capacity after 500-700 cycles 
shall be 40-80% of the capacity after retirement. At the same time, under 
a condition of 0.3 C charge and 0.5 C discharge, the residual capacity after 
350-800 cycles shall be 85-99% of the capacity after retirement; and that 
after 1000-2000 cycles shall be 50-80% of the capacity after retirement. 
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2.3.4.2 A Fast and Accurate Screening Parameter and Assignment 

Weight of Retired Batteries That Can Be Used by Cascade 

A fast and accurate screening parameter and assignment weight for retired 
batteries is as follows: battery SOH shall not be less than 60%. The internal 
resistance value shall not be more than 5 mQ. The decrease rate of puncture 
strength of the diaphragm shall not be more than 18%. The porosity of the 
diaphragm is required to be no less than 30%. Requirements for secondary 
cycle life: under a condition of 1 C charge—discharge, the residual capacity after 
500-700 cycles shall be 40-80% of the capacity after retirement. At the same 
time, under a condition of 0.3 C charge and 0.5 C discharge, the residual capac- 
ity after 350-800 cycles shall be 85-99% of the capacity after retirement; and 
that after 1000—2000 cycles shall be 50-80% of the capacity after retirement. 
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The assignment weight can be used under the following circumstances: 
when the single battery is matched in a series way and the voltage of the 
battery module is not more than 60V, or the single battery is matched in 
parallel and series ways, and the number of batteries in parallel is not more 
than 5, and the voltage of the battery module is not more than 60 V (i.e., the 
battery SOH, internal resistance of battery, diaphragm performance, and 
secondary cycle life). Also, assignment weight can be required by a lower 
standard within the above assignment weight scope (i.e., the mentioned 
assignment weight can be valued preferentially by being close to the lower 
limit value). 

The screening method selects an appropriate core parameter criteria assign- 
ment weight according to the matching mode of a retired power LIB monomer 
and specification of the battery module. The SOH of the battery means the 
charge capacity of a storage battery; in other words, the percentage of full charge 
capacity of the storage battery relative to rated capacity for a new ex-factory 
battery is 100%, and that for a fully scrapped one is 0%. 

In addition, before using the evaluation method, the following operations 
shall be conducted: disassemble the retired power battery module to single 
batteries, remove the single batteries whose functional element is damaged, or 
whose shell is damaged, air-bulked, and/or softened by appearance separation. 
Then conduct relevant tests to the separated retired batteries with good 
appearance by the following methods and steps: 


1) Test the internal resistance of all samples of the separated retired battery 
with good appearance. 

2) Test retired batteries under the condition of 0.3 C charge/0.5 C discharge 
and 1 C charge—discharge to obtain secondary cycle life of the retired 
battery. 

3) Disassemble the retired battery, take out the diaphragm, clean it with an 
appropriate organic solvent (e.g., N-NMP), measure the puncture strength 
and porosity of the diaphragm, and compare with the ex-factory data. 


Compared with existing technology, the measured parameter of this method 
is less, the measuring method is simple and efficient, and the evaluation result 
is scientific and reliable, which can greatly improve the availability and separa- 
tion efficiency of retired lithium-ion power batteries. 


2.3.4.3 Verification of a Fast and Accurate Screening Method of Retired 

Batteries That Can Be Used by Cascade 

1) The retired battery is a square soft-pack lithium iron phosphate battery 
manufactured by some company and retired from an electric bus. The 
nominal capacity of the cell is 20 Ah, the voltage of the platform is 3.2 V, and 
the charging and discharging scope is 2.80-3.65 V. The mode for battery 
matching is as follows: first, conduct parallel connection of 10 square 
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soft-pack lithium iron phosphate cells into a 200 Ah battery module, then 
constitute a 400 Ah/576 V lithium iron phosphate battery module through 
two parallels and 180 series, and coordinate with a driving system of a 
three-phase asynchronous motor to provide power for vehicles. 

At the time of this writing, these batteries have run for 3 years since being 
put into operation in 2010, and their running distance is 140,000km. The 
battery module fully runs by charging mode. A total of 320 200-Ah battery 
modules are disassembled in the example, with a total of 3200 cells. Remove 
the single battery whose functional element is damaged and whose shell is 
damaged by appearance separation. 

Further classify the separated batteries according to the standards of air 
bulking, softening, and good appearance. The statistical result of cell 
appearance after being disassembled is shown in Table 2.4. 

Refer to QC/T 743-2006 Lithium-ion Batteries for Electric Vehicles, test all 
samples of retired batteries under the condition of 0.3 C charge—0.5 C dis- 
charge at normal temperature, then compare with the rated capacity of the 
battery, and calculate the residual capacity SOH of the battery. The result is 
shown in Figure 2.34. 

The internal resistance tester is used to test the internal resistance of all 
samples of retired batteries, and the test results are shown in Figure 2.35. 
Select the retired battery whose appearance is good, and whose SOH is not 
less than 60% and internal resistance is not more than 5 mQ, and conduct 
the following availability evaluation test by sampling: 

Disassemble the retired battery, take out the diaphragm, clean the diaphragm 
by organic solvent such as NMP, dry in the vacuum drying oven for 60 min, 
then measure the puncture strength and porosity of the diaphragm according 
to the method reported in Reference [67]; compare with the ex-factory data. 
The result shows that the puncture strength of the retired battery is 5.31 N, 
and it is reduced by 15% compared with 6.25N for a new diaphragm, which 
conforms to the requirement of reuse. The diaphragm porosity of the retired 
battery tested is 39%, which conforms to the requirement of reuse. 
According to the test condition of QC/T 743-2006, the cycling performance 
of a retired battery is tested by the charging and discharging strategy of 0.3 


Table 2.4 Statistics of appearance separation results 
of retired batteries. 


Appearance Quantity (Pieces) 
Air bulking 512 
Softening 1600 


Good appearance 1088 
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Figure 2.34 Analytical and statistical results of retired battery capacity. 


Distribution of retired power batteries internal resistance 
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Figure 2.35 Distribution diagram of internal resistance of a retired battery. 


C charge—0.5 C discharge and 1 C charge-discharge to obtain the cycling 
performance of the retired battery; see Figure 2.36 and Figure 2.37. The test 
results show that, under the charging and discharging strategy of 0.3 C 
charge and 0.5 C discharge, the cycling stability of the battery is very good, 
the capacity basically remains unchanged after cycling 400 times, and the 
capacity is reduced no more than 5%, so the residual capacity is above 95%. 

The retired battery cycles 700 times under the condition of 1 C charge- 
discharge, and the residual capacity is about 80% of that of retirement; the 
battery capacity is reduced obviously after cycling more than 700 times, and 
the residual capacity is only about 2Ah for 780 times. This meets the 
requirement of reuse. 
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Figure 2.36 Variation relation between battery cycle life and capacity under condition of 
0.3 C charge and 0.5 C discharge. 
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Figure 2.37 Variation relation between battery cycle life and capacity under condition of 
1 C charge-discharge. 
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8) Separate the retired battery that meets the basic requirements of reuse, 
further separate the retired battery whose internal resistance is not more 
than 2 mQ, and match as follows: conduct a parallel connection of 10 20- 
Ah single batteries into a 200 Ah battery module, conduct a series connec- 
tion of 6 200-Ah battery modules to form a battery module, and finally 
conduct a series connection of 40 battery packs, and recombine into a 
100 kW/150 kWh energy storage system to be used in a wind—PV-storage 
power microgrid. The total voltage of the battery pack is 768 V. 

9) Separate the retired battery that meets the basic requirement of reuse, 
further separate the retired battery whose internal resistance is not more 
than 3 mQ, and match as below: conduct a parallel connection of 10 20-Ah 
single batteries into a 200 Ah battery module, conduct a series connection 
of 76 battery modules, and finally recombine into a 240 V/200 Ah battery 
module to be used in the uninterrupted power supply (UPS). 

10) Separate the retired battery that meets the basic requirement of reuse, 
further separate the retired battery whose internal resistance is not more 
than 5 mQ, and recombine into a 48 V/18 Ah battery module by a series 
connection of 16 18-Ah single batteries to be used in an electric motor car. 


The measured parameter of a fast and accurate screening method of retired 
batteries that can be used by cascade is less, the measuring method is simple 
and efficient, and the evaluation result is scientific and reliable, which can 
improve the availability and separation efficiency of retired lithium-ion power 
batteries greatly. 


2.4 Life Prediction and Modeling Simulation 
of Retired Batteries 


The capacity of lithium-ion power batteries will inevitably fade to some 
extent with the used times increasing. Since EVs often run in different envi- 
ronments, and the battery itself is a complicated electrochemical system, it 
will inevitably be influenced by all kinds of external environments in a prac- 
tical application process, such as battery abuse caused by high current dis- 
charge, temperature, vibration, and various reasons. These factors will 
inevitably change the internal chemical reaction of the battery, accelerate 
the fading process, and further influence the battery’s service life. And a 
battery’s capacity fading of a long-term changing process, so how to predict 
the cycle life of a battery accurately is also a common concern of battery 
users [7]. 

The research on LIB performance has been well around the world, but 
reports on predictions of reliable life are still rare. After retirement, the test of 
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a LIB’s life is also a very complex process, since it could be influenced by 
multiple factors: the application environments of a LIB are infinite in their 
variety, since there are different temperatures and discharge conditions. Based 
on this background, establishing a cycle life model of a LIB has practical signifi- 
cance for not only further improving the performance research but also 
predicting the reliable life. 


2.4.1 Analysis on the Failure Mechanism 
of Lithium-Ion Power Batteries 


Since the composition and structure of materials are different, and the inter- 
nal state of the battery varies, the fading mechanism of power battery capacity 
is a complicated chemical process. In general, the influence factors of cycle 
life of lithium-ion storage batteries include those discussed in the remainder 
of this section. 


2.4.1.1 Influence of Battery Materials on Cycle Life 

The internal materials and active substances of batteries have a large influence on 
their internal reaction and charge and discharge rates, and the influence reflects 
the change of cycle life of the battery. The composition of active materials plays a 
decisive role. The external environment will have less influence on the structure 
in the charging and discharging process if the material has higher activity and the 
battery’s cycling performance is better [8]. The carbon element will also have a 
large influence on the cycling performance of lithium-ion power batteries, 
because its microstructure will decide the reaction speed of lithium-ion to a dif- 
ferent extent. It plays a decisive role in the diffusion rate and cycling performance 
of lithium-ions as the negative electrode of the battery [9]. 


2.4.1.2 Influence of Organic Electrolytes on Cycle Life 

The organic electrolyte is an important component in the reaction process of 
the battery. The quality of the solid—electrolyte interface (SEI) diaphragm of a 
battery will have a large influence on the battery’s cycling performance. 
Therefore, the battery should react sufficiently in the formation process, so 
that the internal activation substance reaches the optimal performance. When 
the quality of a generated SEI diaphragm cannot meet the requirement and the 
electrolyte is too much, battery leakage is easier to occur, which influences the 
cycling life of the battery [10]. 


2.4.1.3 Influence of Self-Discharge on Cycle Life 
The battery will generate micro electric quantity loss when it is laid aside and 
not used for work, and this reaction is unavoidable. The electrolyte and 
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electrode plate will be aged in the reaction process, and the lost capacity is hard 
to be recovered even if the battery is charged [11]. 


2.4.1.4 Influence of Capacity Ratio on Cycle Life 

Through researching the internal structure of battery and chemical reaction 
mechanisms, the capacity ratio between the cathode and anode is very critical. 
When the capacity of the negative electrode is less, the active substance will be 
separated out to intensify the deterioration of the battery; when the capacity of 
the cathode is less, the lithium-ion moves slower, and it will also have an 
adverse influence on the cycling performance of the battery [12]. We can con- 
clude from the test that the optimal cathode and anode ratio of the LIB is that 
the capacity of the anode is slightly higher than that of the cathode, so the 
battery can reach its optimal use performance. 


2.4.1.5 Corrosion of Other Chemical Substances 

Since the chemical reaction mechanism of the battery is complicated, and the 
internal active substance is oxidized, the battery will be corroded, which is 
mainly reflected as follows: the local position of the anode is destroyed and 
oxidized, and the structure of cathode deform [13]. Especially in misuse pro- 
cesses like being over-discharged, the internal substance of the battery will 
dissolve and leak, and the service life of the battery will expire with the con- 
stant deposition of corrosive substances. 

Through comparing and evaluating the mechanisms of various fading 
phenomena of batteries whose anode material is spinel LiMn,O,, we believe the 
following: inside the LIB, complicated physical and chemical processes occur 
between electrode and electrolyte interfaces. These interface reactions will have 
varying degrees of influence on the cycle life of lithium-ion batteries, so how to 
control these interface reactions will be critical to improving the performance 
of lithium-ion batteries. 

At present, reported methods that can restrain the capacity fading more 
effectively contains: coating the spinel electrode with carbonate to neutralize 
the generated acid [14]. Add polymer additives to restrain the surface reac- 
tion [15] of two electrodes. Purify LiPF,, to reduce the influences [16] of it and 
its derivatives on chemical components on the surface of the electrode and 
develop a new electrolyte solution [17]. But in any case, it is fundamental to 
explicitly limit key chemical and physical parameters of LiMn.O,/C battery 
capacity, and to thoroughly understand various reactions occurring in the 
system from mechanisms. With constant deepening of research on capacity- 
fading mechanisms and the constant development of electrode materials with 
regular or composite structures and new synthetic methods, it will be possi- 
ble to produce a battery with high specific capacity and long cycle life, and to 
commercialize it. 
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2.4.2 Analysis on Main Factors Influencing the Service Life of 
Lithium-lon Batteries 


The LIB power battery has the same problem as other batteries: its capacity will 
reduce after cycles and repeated use. The fading of battery capacity is divided 
into two situations: one is reversible fading, and the other is irreversible fading. 
Reversible fading generally means the capacity decreases due to factors such as 
normal use and self-discharge of the battery, but it can recover to its previous 
electric quantity after charging. Irreversible fading means that the internal 
structure of the battery is damaged and the chemical substances are aged. In 
this case, its original electric quantity cannot be recovered even if the battery is 
charged, and the influence factors resulting in such a situation include the forms 
of preparation and composition of the battery, charging and discharging mode 
of the battery, outside working environment, battery state of charge, and rele- 
vant factors [18]. We will focus on analyzing the external main factors that 
influence the service life of batteries in the remainder of this section. 


2.4.2.1 Influence of Charging and Discharging Voltages on the Service 

Life of Lithium-lon Batteries 

It is vital to strictly limit the charging voltage of a battery; when the battery is 
charged, the set voltage must be lower than a certain value. Otherwise, it is 
easier to cause battery overcharge and influence the use performance. For 
example, the charging voltage of LFP battery set generally 3.65 V. 

When the limiting voltage of a battery has been reached but the charging has 
not been stopped, the continuous charging will make the battery voltage exceed 
the limiting voltage, thus generating a overcharging phenomenon and causing 
battery deterioration [19] to varying degrees. This phenomenon includes the 
following several factors: (1) the overcharge reaction is generated in a negative 
electrode; (2) the overcharge reaction is generated in a cathode; (3) unneces- 
sary reactions will be generated inside the battery during overcharging, which 
result in deposition of lithium ion on the electrode surface of the battery to 
prevent movement of active substance, reduce the internal reaction rate of the 
battery, and cause capacity loss; and (4) in general, lithium metal will be formed 
between the anode and separator of the battery to generate blocking action on 
the separator and increase internal resistance of the battery. Under rapid 
charging circumstances, since the excessive current will cause electrode polari- 
zation, it will have a larger influence on the service life of the battery. The 
capacity fading generated by influence of the above several circumstances on 
the battery is irreversible. 

The influence of battery over-discharging on service life of the battery is 
also not negligent; the lower the cutoff voltage set by the battery is, the faster 
the fading of service life of the battery is. The battery can more easily generate 
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aging of electrode plate in the over-discharging process and further generate 
irreversible reactions, causing the battery capacity to reduce to a value. 
Taking an example of an IFR18650 lithium iron phosphate battery used by 
EVs, when the discharge cutoff voltage is set to 2.0 V, compared with a dis- 
charge cutoff voltage of 2.5 V, the battery capacity fades nearly 30% by cycling 
many times. But in the battery module, the performance depends on the sin- 
gle battery with lowest capacity, so it will lead to over-discharge more easily 
at the end stage of discharge to generate a vicious cycle and accelerate battery 
aging [20]. 


2.4.2.2 Influence of Temperature Environment on the Service Life 

of Lithium-lon Batteries 

Temperature has a large influence on the performance of lithium-ion batteries, 
and the characteristics of the same kind of battery tend to be different at differ- 
ent temperatures. Under general circumstances, the working temperature 
environmental scope of a LIB is from -20 to 60°C, and too-high or too-low 
temperature will have an adverse influence on the performance of lithium-ion 
batteries; when the temperature is about 20°C, the maximum efficiency of 
lithium-ion power batteries can be developed. But for lithium iron phosphate 
batteries, the performance of the battery will become worse and worse below 
0°C; see Figure 2.38. 
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Figure 2.38 Relation between discharge capacity and temperature of a retired battery. 
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We can find out by observing the curves that the influence on battery per- 
formance at different temperatures is obvious, especially at low temperature, 
when the discharge capacity of the battery will be influenced easily. 

When the LIB is used at too low temperature, the charging and discharging 
performance of the battery will be influenced seriously. In general, the lower 
the outside temperature is, the larger the influence will be suffered by activity 
of the electrolyte inside the battery, and the higher the resistance value and 
viscosity of the electrolyte will be. These factors prevent the movement of 
lithium ion to a large extent, and the chemical reaction inside the battery is 
conducted harder and harder [21]. When the outside temperature is below 
zero, the performance of the battery will be reduced greatly. To be specific, 
the battery cannot be charged continuously. The discharged capacity of the 
battery is only about 50% of that under normal circumstances, and when 
the temperature reaches the lowest limiting temperature, the battery will even 
stop working, so these factors will influence the service life of the battery 
greatly [22]. 

Similar to the low-temperature condition, lithium-ion batteries working at 
high-temperature conditions will likewise have a great effect on battery charge 
and discharge efficiency in serious cases; this will result in permanent damage 
to the battery. For example, if the battery has poor heat dissipation and is fre- 
quently under large current discharge, these factors will cause the battery to 
generate more heat. When the temperature exceeds the maximum limiting 
temperature of the battery, it will break its internal chemical equilibrium, 
corrode and age battery materials, and reduce battery life [23]. 


2.4.2.3 Influence of Charge and Discharge Rates on the Service Life 
of Lithium-lon Batteries 
Rate discharge refers to the discharge of batteries at a certain current to the 
cutoff voltage of the battery. As a representation of C, rate discharge value is 
equal to the multiple of battery capacity. For example, in case the capacity of a 
battery is 1 Ah, a 2 C discharge rate represents discharge of the battery at 2 A 
discharge current to the cutoff voltage. The charge rate is same as the discharge 
rate. The practice indicates that the fade of battery capacity accelerates with 
the increase of discharge rate of the battery. Thus, it can be seen that the charge 
and discharge rate of a battery is another factor affecting the cycle life. 
Following different charge and discharge rate experiments of LFP batteries, 
the discharge rate values adopt five different discharge rates (i.e., 0.3 C, 0.5 C, 
0.7 C, 0.9 C, and 1 C), respectively, and the experimental temperature is nor- 
mal temperature. The charge and discharge data are obtained to get discharge 
curves of different rates (as discussed in this chapter). As seen from the dis- 
charge curve, the lower the discharge rate is, the higher the battery capacity 
will be; in other words, the battery with micro-rate discharging is available for 
discharge with full capacity, but a high rate discharge will make the battery 
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reach its cutoff voltage soon and have an adverse effect on internal structure of 
the battery [24]. 

When current increases, a polarization phenomenon will become more 
obvious and the battery group system will be unbalanced, which externally 
embodies the effect on battery voltage and internal resistance. It will accelerate 
the aging of the electrode over time and result in shortening of battery life. 
Based on the above analysis, the charge and discharge current must be strictly 
controlled during the use of lithium-ion batteries. Especially when the charge 
and discharge current is excessive, it will have a serious effect on battery per- 
formance. Thus, controlling the battery discharge rate is an effective way to 
extend the life of battery. 

Xie Jingying Research Group [25] of Shanghai Institute of Space Power- 
Sources has conducted research on reasons for fast fading of cycle life of 
lithium-ion batteries. Through a single-battery cycle life experiment, they 
researched the fast-fading reasons for cells with the shortest cycle life in a 
battery module, and found that the main factors are the differences of cutoff 
voltage, cutoff discharge voltage, temperature, and charge rate, whose accel- 
eration of cycle life fading reaches 200%, 120%, 115%, and 140%. Improvement 
of these factors can extend the cycle life of a LIB module more than once. 
Through single-battery cycle life experiments, it analyzed the fast-fading 
reasons for a single battery with the shortest service life in a battery module. 
It found out that the charge control with the application of total voltage in a 
battery module easily causes the differences of cutoff voltage, cutoff dis- 
charge voltage, temperature, and charge rate of a single battery, and it has an 
effect on the service life of the battery module. Through adopting a suitable 
battery module management system control strategy, such as control of 
maximum and minimum voltages of a single battery, it is able to ease the 
adverse effect of the above factors on the cycle life of a single battery and 
extend the service life of a battery module. 


2.4.3 The State of Health and Its Prediction Method 


In the actual battery testing, the SOH isa significant parameter that represents 
battery life. At present, there is much research on SOH prediction at home and 
abroad, and the common methods are discussed in this section [26]. 


2.4.3.1 Partial Discharge Method 

This method connects the load to the battery, lets the battery discharge with a 
high current, and detects the variation range of its voltage. For example, control 
the discharge depth of the battery within 80-90%, and then measure the battery 
terminal voltage to predict its life by the change rule of voltage. However, the 
operating precision is highly demanded for this method, which requires very 
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professional measurement technology and is limited by the testing environment. 
As the measurement needs to be performed following the disconnection of the 
battery from the system, this is not allowed on many occasions. But still, this 
method has been very widely used on some special occasions. 


2.4.3.2 Impedance Test Method 

The standardized scheme made by IEEE in May 1992 is to change the conven- 
tional test methods of battery voltage and current to a common battery AC 
impedance test, as many former research results and experimental data have 
indicated that battery impedance can reflect, in varying degrees, the perfor- 
mance of the battery and some other information. The impedance test method 
is to predict the service life of a battery by the impedance change during the 
battery’s use. To accurately predict the battery life, it is needed to give a precise 
prediction of the battery’s impedance. Reference [27] provides a relatively pre- 
cise battery condition watcher method available to accurately predict the SOH. 
It monitors the voltage, current, and temperature of a battery and stores the 
data obtained. This method indicates that battery impedance has different 
characteristics with different frequencies. Under the incentive of low frequency 
(f< 1Hz2), battery impedance represents an emanative state. Such impedance 
cannot accurately correspond to the battery’s SOH, and therefore, it cannot be 
predicted by this frequency band. However, as battery impedance is the main 
factor in a high-frequency band, it is more obvious with an increase of fre- 
quency. Especially when the frequency is 1 Hz to 100 Hz, the relation between 
the SOH and battery impedance is remarkable. But there are many limits to 
this method. It will generate differences due to the change of ambient environ- 
ment and is easy to influence from the outside. Although this method does not 
meet the actual application, it has a certain research value from the aspects of 
principle and accuracy of measurement. 


2.4.3.3 Definitive Method of Measurement 
The SOH reflects the intended life of the battery. It is an ever-changing value, 
and its definitions are as follows [28]: 


SOH =Cy, /Cn 


where Cy, is the actual battery capacity; and Cy is the rated battery capacity. 

By definition, SOH is a production of the battery power Cy measured as 
discharged from full charge to cutoff voltage under standard conditions, then 
divided by its nominal capacity Cy. As measured based on the definitions, this 
technique is the simplest and most accurate one. During the actual application, 
however, full discharge of battery is infeasible, and this technique cannot be 
used to make the system stable and reliable; otherwise, that will cause over- 
charge and over-discharge [29]. 
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2.4.4 Study Progress for Lithium-lon Battery Life Predictions 


The life of lithium-ion batteries includes service life [30] (the discharge time 
accumulated during the repetitious charge and discharge prior to the battery 
failure), cycle life [31] (the total times available to repeatedly charge and dis- 
charge prior to the battery failure), and storage life [32] (the time available to 
store the battery under out-of-operation idle conditions prior to the battery’s 
failure). Of these, the cycle life is the most widely used. At present, with the 
wide application of lithium-ion batteries to portable electronic equipment, 
EVs, space technology, national defense industries, and so on, the performance 
of lithium-ion batteries has been studied carefully worldwide, while reports on 
their reliable life prediction are still very rare. After retirement, the test of a 
LIB’s life is also a very complex process, since the life could be influenced by 
multiple factors, such as the ever-changing application environments of 
lithium-ion batteries, and differences in temperature and discharge systems. 
Therefore, analysis and study on life predictions of lithium-ion batteries have 
to be conducted. Based on the background, establishing the cycle life model of 
lithium-ion batteries has practical significance for further improving the study 
of performance study predicting battery life reliably. 

At present, there are many studies on the prediction of battery life at home 
and abroad. Japan’s Sony Corp. [33] studied the technique for calculation of the 
surplus capacity of batteries, and suggested and inspected all techniques. For 
example, one technique includes the application of the relationship between 
the terminal voltage and surplus capacity of the battery, in which it subtracts the 
discharge capacity obtained by the integration of discharge current from the 
full charge capacity under the condition of discharge capacity at the time of full 
charge capacity; this is defined as calculated electricity. In recent years, Sony 
has obtained the computing techniques, calculating device, and patent for a 
calculation procedure to determine battery capacity, which calculates the bat- 
tery SOH through a precise estimate of battery capacity and its nominal capac- 
ity ratio definition. Yuri Bode Richardsky et al. [32] from the Advanced 
Charging Technology Co. in the United States have provided a quick determi- 
nation technique for a battery’s state or electric parameters (e.g., the current 
electricity and the maximum charge capacity of batteries) with the addition of 
one or more discharge pulses and quiescent periods for batteries. The meas- 
urement of battery voltage is to provide the voltages in the quiescent period or 
discharge pulse. With single use or in conjunction with other open battery 
voltages, the difference in voltage between two or more voltages measured 
during these periods is to be considered as the input for a curve, a query table, 
a formula, and arithmetic in order to determine the maximum battery capacity 
or the condition or current electric method of the battery. 

A fast predicting technique to measure LIB capacity has been provided in 
China. It analyzes the characteristic data of charge and discharge curves, in the 
light of the characteristics of charge and discharge curves of LIB capacity, and 
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then calculates the SOH of a LIB. A modeling technique for predicting battery 
SOH with the application of a self-adaption neuro-fuzzy system has also been 
put forward by certain enterprises. The model synthesizes the effect of multi- 
ple variables on the calculation of the SOH for the purpose of accurate evalua- 
tion of battery SOH. A fast predicting technique for LIB capacity has been put 
forward by part discharge with the application of an artificial neural network to 
capacity prediction and modeling of lithium-ion batteries, through the analysis 
of relationships between LIB open-circuit voltage and LIB AC internal resist- 
ance and battery capacity. Then, the LIB life is to be predicted following the 
prediction of capacity. 

The study conclusions are as follows: (1) the main failure mode is the power 
battery capacity fading, and the mechanism causing capacity fading is com- 
plex. (2) This fits the track of capacity fading of lithium-ion manganate power 
batteries with the application of the power function. The application of data 
based on the fading track is available to extrapolate and analyze the battery 
life. Although this technique also applies to other batteries, the correspond- 
ing capacity-fading track should be determined based on different types of 
batteries. (3) The amount of actual data for extrapolation has an effect on the 
accuracy of life-predicting results. The techniques of the fading track coeffi- 
cient equation and fading model cyclical iteration can evaluate, in high preci- 
sion, the battery’s life with less actual data. (4) The capacity difference 
between single batteries increases obviously when the battery capacity reten- 
tion ratio is less than 85%. 

The life of a LIB includes service life (the discharge times accumulated dur- 
ing the repetitious charge and discharge prior to the battery’s failure), cycle 
life (the total times available to repeatedly charge and discharge prior to the 
battery’s failure), and storage life (the times available to store in an out-of- 
operation idle condition prior to the battery’s failure). Of these, the cycle life 
is the most widely used, and the life of the retired battery as mentioned in this 
study refers to the cycle life. At present, with the rapid development of manu- 
facturing technology and the continuous extension of application ranges for 
lithium-ion batteries, the performance of lithium-ion batteries has been 
studied deeply at home and abroad, while reports on reliable battery life pre- 
diction are still very rare. After LIB retired, the prediction of its remaining 
life is a very complicated process for the ever-changing environment of the 
applications of lithium-ion batteries and the effect of different temperatures 
and charge and discharge systems on the life of lithium-ion batteries. 
Therefore, the effective and accurate life prediction of retired lithium-ion 
batteries has a practical significance, whether on the development of LIB 
technologies or on reducing the battery use cost, and increasing the utilization 
rate of new energy. 

The main problems need to be resolved, for the battery life and SOH are the 
estimates of capacity and internal resistance. To reasonably use the retired 
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lithium-ion power battery and maximize its surplus capacity, the measurement 
of variation of battery capacity, battery internal resistance, and other impor- 
tant parameters is to be carried out under the consideration of the characteris- 
tics of the battery itself and external stress. The failure model of a retired 
battery is to be deduced based on the physicochemical mechanism of life fad- 
ing of a retired battery to get the relationship of battery life fading and internal 
parameter variation under the conditions of specific testing for the purpose of 
realizing a fast and accurate prediction of the whole lifecycle of a retired 
battery. 

The initial classification of retired battery modules shall be first based on the 
different positive and negative electrodes and electrolytes of materials. For 
LIBs of the same type, their failure models and mechanisms are consistent. 
Further sorting is to be carried out based on the current battery capacity, inter- 
nal resistance, and characteristic curve. From that, batteries of a good consist- 
ency should be classified for the purpose of establishing a standard model 
database under different types and failure modes. Finally, the following two 
models for retired battery per classification are established using all tests and 
computing technologies: one is the life prediction model based on the varia- 
tion of battery capacity, and the other is the life prediction model based on the 
variation of battery impedance. 


2.4.5 Life Prediction Model Based on the Capacity Variation 
of Retired Batteries 


This model studies the relationship between the life and capacity variation 
of retired batteries with different qualities. During the actual use of power 
batteries, the factors affecting battery life are intercoupling and commonly 
affect the battery’s life, which adds complexity to battery life prediction. To 
accurately predict the battery life, this study starts with the cycle test data 
of the battery, based on the variation of external stress (including the bat- 
tery environment temperature, charge rate, discharge rate, discharge depth, 
charge depth, and so on), to determine the function relationship between 
the battery life and its operating parameters and to establish the 3D life 
prediction model based on the variation of battery capacity. The advan- 
tages of this method are: (1) it can truly and comprehensively describe the 
objective conditions of battery capacity fading during its actual use and be 
available to obtain the battery life and its surplus life for the benefit of 
determining the battery performance to extend its life. (2) Only fewer cycle 
tests for batteries can judge the surplus service life of the battery, which 
greatly saves time and expenses in testing. (3) The established model has 
universality, which applies when establishing the life-fading models of all 
batteries. 
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The process of the prediction technique is as follows: selection for 
retired battery type > selection for single-battery samples — selection for cycle 
test conditions > detection for single-battery samples > analysis for test 
data > establishment of mathematical model > verification for prediction 
model. The specific analysis of the process operation is as follows: 


Step 1: Selection of suitable retired battery types should be carried out based 
on the specific application scenarios for the purpose of meeting the applica- 
tion scenarios’ needs on battery performance. The main parameters should 
be used to determine the positive and negative electrode materials, original 
nominal capacity and single-cell model, and so on. 

Step 2: A life fading test for a battery sample is carried out after the selection of a 
suitable impact factor (IF) to obtain original data. Provided that the described 
life fading test is designed as m IFs with S,<S)<..., Sm and arbitrary i IFs as S; 
(i=1, 2, ..., m), the IF includes the battery temperature, environment tempera- 
ture, environment humidity, charge rate, discharge rate, charge depth, dis- 
charge depth, upper cutoff voltage at charge, lower cutoff voltage at discharge, 
and so on. The number of battery samples taking part in the test is X, and Tt is 
the battery failure threshold when ending the test. Under arbitrary i stress 
levels, the test is over after the capacity decreases to 80% of the nominal capac- 
ity when the jth (j= 1, 2, ..., X) battery is in the nth cycle. 

Step 3: The battery life fading test, to be accelerated by the IF, is to collect the 
original data of battery life fading under the common influences of i IFs, 
record the battery discharge capacities under all cycle periods, and calculate 
the battery capacity-fading rate in the nth (n <N) cycle on the grounds of 
battery discharge capacity and nominal capacity. 

Step 4: Based on the original data of life fading, one can draw a life prediction 
model and determine the parameters of such a model by modeling calcula- 
tion and MATLAB-Simulink simulated analysis. Specifically, combine the 
battery discharge curve, select the neural network algorithm, and develop 
one or more self-adaption modeling algorithms or genetic algorithms for the 
purpose of obtaining a function model of the battery capacity-fading rate 
and the times of battery discharge affected by the ith (i= 1, 2, ..., m) IF: 


Qhoss =AJ/N +B (2.1) 


The application of the least squares method, interpolation method, radial 
basis function method. and other fitting methods is to determine the model 
parameter A, B (where A and B are the functions on battery IF S). 

Step 5: Based on the simulated life fading model, perform m-1 dimensional 
mapping against the battery life model under the common influence of m IFs, 
compare the battery life model obtained to that obtained under the common 
influence of only m-1 IFs, and verify the incidence of such IFs on the model. 
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Step 6: Perform step-to-step mapping against the battery life model under the 
common influence of i IFs, compare the battery life model obtained to that 
obtained affected by such IFs, and verify the incidence of such IFs on the model. 

Step 7: Based on the simulated life fading model, perform 1D mapping against 
the battery life model under the common influence of two IFs, compare the 
battery life model obtained to that obtained affected by the single IF, and 
verify the incidence of such an IF on the model. 

Step 8: Conduct a goodness-of-fit test against the model to determine the con- 
sistency between the mathematic model and experimental data. Based on 
the comparison of change rule of the partial capacity-fading curve in a cer- 
tain battery to the above known model, determine the main IF affecting the 
battery life and corresponding battery life model. Taking the application 
scenarios as backup power as an example, perform a study on the life predic- 
tion model of a retired battery. 


2.4.5.1 Type Selection of Retired Battery 

Based on the application scenarios of using a retired battery as backup power, a 
low-range and energy-based retired battery should be selected as a 20 Ah lithium 
iron phosphate (LFP)-series square lithium-ion power battery with a soft pack for 
mainstream EVs. The charge rate is fixed, and the discharge rate is less than 1 C. 


2.4.5.2 Cycle Test of Sample of Retired Battery 

For a 20 Ah LFP square lithium-ion power battery with a soft pack, charge with 
a constant current of 0.25 C to 3.65V at 25°C, then charge with a constant 
voltage of 3.65 V up to 0.05 C of current (full charge), and then idle for 30 min. 
The IFs affecting the battery life include temperature (T), discharge rate (C), 
discharge depth (DOD), and discharge time (t). The discharge IF and level to 
be considered are shown in Table 2.5. 

An orthogonal test can be used to perform a cycle performance test of lithium- 
ion batteries, and the test equipment is an automatic test system (ATS) for lithium- 
ion batteries with a range of 0~5 V/0~30 A. The specific testing process is as 
follows: 


1) At 25°C, apply 0.25 C charging to 3.65 V. 
2) Charge with a constant voltage of 3.65 V until reaching a current of 0.05 C 
(full charge). 


Table 2.5 Table of Discharge IF and level. 


IFs Temperature (°C) Discharge rate (C) Depth of discharge (%) 
Horizontal 25 0.25 25 
45 0.5 50 


60 1 100 
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3) Be idle for 30 min. 

4) Discharge to 2.0 V under the same conditions. 

5) Be idle for 30 min. 

6) Cycle steps 1-5 420 times (N), wherein a standard battery capacity test 
should be carried out every 20 cycles. 

7) End. 


The specific processes for a standard battery capacity test are as follows: 


1) At 25°C, apply 0.25 C charging to 3.65 V. 

2) Charge with a constant voltage of 3.65 V until reaching a current of 0.05 C 
(full charge). 

3) Be idle for 30 min. 

4) At 25°C, discharge to 2.0 V with a constant current of 0.25 C. 

5) Be idle for 30 min. 

6) End. 


2.4.5.3 Modeling and Verification of Life Prediction of Retired Battery 

Based on the above cycle test and standard capacity test, obtain the actual 
battery life fading data, and establish the battery life fading model, namely the 
function relationship of the battery capacity loss ratio and IFs: 


Qhoss = AVN +B (2.2) 


The ratio of the standard battery capacity test data to initial battery capacity 
is obtained from the test, and then the data pair of battery capacity-fading data 
and the times of cycle are obtained. Based on the recorded data pair, the 
parameter values of A and B can be obtained through the curve fitting follow- 
ing multiple linear regressions (MLRs). 

Figure 2.39 is the curve and fitting chart on the capacity-fading rate, and 
the charge and discharge times for a 20 Ah LFP battery with a soft pack at 
45°C, 0.25 C rate, and 25% discharge depth. The corresponding model for- 
mula is: 


Qioss = 2.848VN —13.86 (2.3) 


Table 2.6 is obtained under the consideration of all IFs of battery capacity. 
The established mathematic model based on the above test data and fitting 
formula is: 


Quoss = A(T,C,D) Vt + B(T,C,D) (2.4) 
where: 


A(T,C,D) =al* exp(A_alpha/T)+a2*C*(A_beta)+a3*D/(A_lamda)+a4 
B(T,C,D) = b1* exp(B_alpha/T)+b2*C*%(B_beta)+b3*D”(B_lambda)+b4 
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Figure 2.39 Curve and fitting chart on capacity-fading rate and charge and discharge 
times for a 20 Ah LFP battery with soft pack. 


Based on the data in Table 2.6, the results of the model parameter deter- 
mined by MLR are as follows: 


369.33 
A(T,C,D)=6.88e T +0.29C°*!-1.56D°°° +27.45 
835.96 


B(T,C,D)=2.39e T +1.01C™™% + D™*"* -52.19 


Perform (4 — 2) dimensional mapping for the obtained model by illustration. 
Obtain Figure 2.40(a), “Relation between capacity-fading rate of sample bat- 
tery and temperature, times of charge—discharge,’ under a discharge rate of 
0.5 C and discharge depth of 50%. Obtain Figure 2.40(b), “Comparison chart of 
a fitting chart obtained by the above formula.” 

Perform (4 — 3) dimensional mapping for the obtained model by illustration. 
Obtain the curve chart of a sample battery capacity-fading rate and charge- 
discharge times at 60°C, a 0.5 C rate, and a 50% depth of discharge, as well as a 
comparison chart of a fitting chart obtained by the above formula, as shown in 
Figure 2.41. 


Table 2.6 IFs of battery capacity. 


T=298 T=298 T=298 T=318 T=318 T=318 T=333 T=333 T=333 
C=0.25 C=0.5 Cc=1 C=0.25 Cc=0.5 Cc=1 C=0.25 Cc=0.5 C=1 
Parameters D=0.25 D=0.5 D=1 D=0.5 D=1 D=0.25 D=1 D=0.5 D=0.25 
A(T, C, D) 1.345 2.071 2.211 2.848 4.504 1.994 5.273 5.368 3.963 
B(T, C, D) -4.326 -9.868 -9.492 -13.86 -17.27 -5.165 -12.47 -21.91 -20.9 
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Figure 2.40 (a) Relationship between capacity-fading rate of sample battery and temperature; times of charge- 
discharge. (b) Comparison chart of a fitting chart obtained by the above formula. 
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Figure 2.41 Curve chart of a sample battery capacity-fading rate and charge-discharge 
times, and comparison chart of a fitting chart obtained by the above formula. 


2.4.6 Life Prediction Model Based on the Impedance Variation 
of Retired Batteries 


This part studies the relation among life of retired batteries with different 
qualities, ohm internal resistance, and polarization internal resistance, to esti- 
mate the variation law of a battery’s total internal resistance under the influ- 
ence of different stresses (e.g., temperature and charge—discharge rate), and to 
find out the relationship between internal resistance and life of the battery. 
This study introduces an important electrochemistry research method into the 
battery life prediction field, which is a comprehensive multidisciplinary topic, 
belonging to a theoretical application domain with important theoretical and 
practical significance. On the one hand, the aging process of lithium-ion bat- 
teries is a very complicated chemistry; the aging failure mechanism is complex 
and affected by numerous factors, which are difficult to reflect in a general 
mathematical model. With electrochemical impedance spectroscopy (EIS) of 
lithium-ion batteries, conduct an in-depth analytical investigation, discovering 
the parameter relationship related to life of the LIB, to establish a life predic- 
tion model based on battery impedance change, and furthermore to offer a 
reliable theoretical basis for LIB life prediction. On the other hand, the correct 
establishment of the model also offers a theoretical basis to the prediction of 
retired battery ohm internal resistance and polarization internal resistance, 
which could be combined with a regular prediction method to improve the 


97 


98 


Reuse and Recycling of Lithium-lon Power Batteries 


accuracy of retired battery life prediction, making better consistency for 
batteries after classification and improving the regrouped battery’s perfor- 
mance and service life. 

From the aspect of theory, as a carrier providing energy, under ideal electri- 
cal calculation, a battery is able to be equivalent to a constant voltage source 
and a resistance. In a working state (discharge condition), with the proceeding 
of a battery’s internal chemical reaction, the voltage of two ends of battery will 
decrease gradually, and the equivalent resistance is also ever-changing. 
Research shows that the state and performance of a battery are closely related 
to the change of impedance, while the electrochemistry impedance spectros- 
copy could accurately represent the impedance spectroscopy of an electrode 
system when complying with impedance basic conditions. Through an analysis 
of the internal structure and working principle of a battery, combining the 
principle of electrode kinetics with the electrochemistry impedance spectros- 
copy method, establish the battery impedance model based on empirical data 
obtained, and get the component parameters in a model. Through an analysis 
on parameters in a model and the relation between a battery’s capacity and 
state of charge, the basic judgment of a LIB’s life state could be realized. In view 
of this, conduct a data-fitting treatment with EIS on the basis of a genetic algo- 
rithm combining a least-squares method utilizing mathematical simulation 
tools, obtaining a battery life prediction model based on the battery impedance 
change, as the operation flow shows in Figure 2.42. 

Detailed operation procedures are as follows: 


Step 1: Obtain battery impedance in the ith (i21, as positive integers) preset 
cycle with EIS. The method of obtaining battery impedance includes the 
following: if the ith preset cycle is the ith circulation, then in the ith cycle, 
collect the said battery impedance at a preset time to get average impedance, 
and take the obtained average impedance as the battery’s impedance. If the 
ith preset cycle is the ith discharge circulation, then in the ith discharge 
circulation, obtain the battery’s impedance when no voltage input is tested. 

Step 2: Judge whether the battery’s impedance equals the preset impedance. If 
the battery’s impedance is greater or less than the preset impedance, but less 
than the maximum theoretical impedance, then the corrected parameter 
corresponding to battery internal resistance could be obtained from the 
corresponding relation chart of preset internal resistance and corrected 
parameters, to correct the theoretical life of the battery as the theoretical life 
after update. 

Step 3: Judge whether the updated theoretical life is less than or equal to the ith 
preset cycle. If so, stop the life test and output such life termination 
information. 

Step 4: If the updated theoretical life is greater than the ith preset cycle, when 
entering into the next preset cycle, add 1 to i as the updated i; and, if the 
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Figure 2.42 Flow chart of a battery cycle life prediction method based on impedance 
change. 


updated theoretical life is greater than the updated ith preset cycle, repeat 
Steps 1-3. The method of judging a battery entering into the next preset 
cycle is: collect the battery voltage and current, and if the battery voltage is 
equal to the preset voltage, while the battery current is different from the 
preset current, then the battery could be determined as entering into the 
next preset cycle. 


As shown in Figure 2.43, the life detection module could be divided into the 
following parts: impedance collection module, impedance judgement mod- 
ule, theoretical life treatment module, life judgment module, and life output 
module. The impedance collection module is used for collection of battery 
impedance in the ith preset cycle. The impedance judgement module is used 
for judging whether the battery impedance is equal to the preset impedance. 
If the battery impedance is judged as greater or less than the preset impedance 
by the impedance judgement module, the theoretical life treatment module is 
used to obtain the preset impedance greater than the battery temperature 
from the corresponding relation table of preset battery impedance and 
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Figure 2.43 Module schematic diagram of the battery cycle life prediction method based 
on impedance change. 


corrected parameters, as well as corrected parameters corresponding to such 
battery impedance; and it is used to correct the theoretical life as the updated 
theoretical life. The life judgment module is used to judge whether the updated 
theoretical life is less than or equal to the preset cycle; if the life judgement 
module considers that the updated theoretical life is less than or equal to the 
ith preset cycle, the life output module is employed to generate and output life 
termination information. With combined applications of various modules, 
battery life prediction under all kinds of working conditions could be realized, 
as well as a life prediction standard proposed by a relevant simulation model. 

Based on this method, the life prediction model of retired batteries could 
realize the error between predicted battery failure life and actual failure life to 
be less than 10%, more accurately predicting the cycle life and capacity-fading 
trend of retired batteries and offering a reliable technology guarantee for reuse 
improvement. 


2.5 Performance Testing and Analysis Techniques 
of Retired Batteries 


2.5.1 Fading Characteristic Study of Power Batteries 


Take a HPPF70173248 square soft-pack power battery retired from four EV 
buses manufactured by a certain company (respective vehicle nos.: 5418, 5313, 
5332, and 5350), as objects to study power battery performance fading charac- 
teristics and consistency. The nominal capacity of a HPPF70173248 LFP cell is 
20Ah, the platform voltage is 3.2V, and the charge—discharge range is 
2.80-3.65 V. 
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For the mode of battery distribution: constitute a battery module with 10 
monomer cells in parallel, and the 400Ah/576V LFP power battery module 
through two parallels and 180 series to be fit for a driving system of a three-phase 
asynchronous motor; and provide power for vehicles. At the time of this writing, 
these batteries had been operated for 3 years since being put into operation in 
2010, the operation mileage was up to 140,000 km, and the battery damage rates 
were 8.3%, 15.6%, 12.5%, and 16.1%, respectively. There are four large-scale 
charging stations and 85 charging piles of auxiliary construction by the local 
power supply department, adopting a charging mode operation completely. 

Study power battery fading characteristics and consistency variation charac- 
teristics through analysis and tests, and by comparing the changes of appear- 
ance, capacity, and internal resistance of power batteries before delivery and 
after retirement. 


2.5.1.1 Appearance Variations among Power Batteries 

Appearance variation among batteries could reflect performance variations 
indirectly, since a certain extent of misuse exists, and certain single batteries in 
the retired power battery module appear as obviously deformed, even bulging, 
as shown in Figure 2.44. Part batteries are completely scrapped and unavailable 
for reuse. 

However, for batteries with slight variation in their appearance characteris- 
tics, this could not be detected out by regular appearance detection. Research 
shows that, with industrial CT without damaging the tested objects, the inter- 
nal structure, composition, texture, and defect condition of the tested objects 
is seen clearly, accurately, and directly in the form of 2D cross-sectional images 
or 3D stereo images, which could find slight bulging that micro inspection 
could not identify. Figure 2.45 is a 3D internal structure image of a new battery 


Figure 2.44 Appearance characteristic of a power battery after retirement. 
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Figure 2.45 Power battery sorting by industrial CT technology: (a) battery with a good 
appearance; and (b) slightly scrapped battery. 


and slightly deformed battery (that could not be identified by the naked eye) 
tested by industrial CT; testing the discharge performance, besides a signifi- 
cant capacity decrease, the voltage platform of the slightly deformed battery 
also shows obvious change (see Figure 2.46). This means, for the battery with 
slight deformation that cannot be identified by the naked eye but by industrial 
CT detection technology instead, that the capacity characteristic has a signifi- 
cant decrease. 

In addition, due to the manufacturing technique particularity of lithium- 
ion power batteries, defects of adherence, interlayer displacement, and tab 
short-circuiting may occur if abusing, shaking, and otherwise mistreating 
finished products, resulting in battery short-circuiting or easy explosion, 
threatening battery module reuse and application safety. The regular 
destruction and dismantling methods are inefficient, with high consump- 
tion and a high omission ratio. Conduct a defect inspection with industrial 
CT and an X-ray technology power battery inspection system, to obtain a 
power battery internal X-ray image to judge whether there are defects in 
power batteries; and realize nondestructive testing, which effectively 
improves inspection efficiency. 

Research shows that industrial CT technology shall be employed as a means 
of appearance inspection to retired batteries. 


2.5.1.2 Study on Power Battery Capacity-Fading Characteristics 

and Its Distribution Law 

Capacity is the core parameter in the study of retired battery performance vari- 
ation. Select a battery module operated on an EV bus for 3 years, after rejection 
of batteries unable to accept a charge—discharge circulation test due to open 
circuit, complete bulging, or weeping; and conduct capacity detection to the 
remaining 2163 batteries obtained. Trace back to the capacity test data when 
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Figure 2.46 Discharge curve of a (a) battery with a good appearance; and (b) slight bulging 
battery sorted out by industrial CT. 


ex-factory via a battery code. The relative proportions of battery capacity and 


capacity distribution are shown in Figure 2.47. 


From Figure 2.47, it can be seen that the relative proportion distribution 
curve of battery capacity complies with the normal distribution characteristics, 
especially under the condition that the sample capacity n > 2000. According to 
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Figure 2.47 Comparison charts of battery ex-factory capacity and re-inspection capacity 
distribution. 


literature and reports, K-S inspection and S-W inspection demonstrations had 
been conducted, with normal distribution fitting to the above-mentioned two 
curves, and formula (2.6) is obtained: 


f (x)= k exp w= (2.6) 


where f(x) means the relative proportion of number of batteries; x means the 
actual capacity in each battery module; means the average capacity of the 
battery; and o means the distribution discreteness. 


Ex — factory capacity : u =221.15, o =1.23. 
Re — inspected capacity : u =187.45, o =31.33. 


When ex-factory, the battery capacity is basically 220 Ah. This is because 
the nominal capacity of a soft-pack LFP battery is 200 Ah, according to 
national industry standards; the actual discharge capacity when ex-factory 
shall be 110% of the nominal capacity, namely 220 Ah. At the same time, the 
capacity deviation is 1-5 Ah, which is mainly due to the requirement of 
conformity of production (employing the same production personnel, equip- 
ment, raw materials, process, and processing environment); the consistency 
of the battery capacity is also well maintained; and batteries with severe 
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deviations are rejected from the system after capacity grading, grouping, 
and assembly. Therefore, the battery capacity when ex-factory is more 
centralized. 

As for batteries retired after application, the internal structure’s irreversible 
change happens; this accumulates constantly with application time and utiliza- 
tion frequency, resulting in integral decrease of battery capacity. For capacity 
fading, the minimum is 134. Ah and maximum is 217 Ah, with average capacity 
residue drops of about 10-17.5%, and the maximum capacity deviation reaches 
62 Ah. To sum up, under charge mode, the battery capacity is decreased signifi- 
cantly, and the capacity distribution discreteness is very apparent. 

See Figure 2.48 for battery capacity distribution during ex-factory and re- 
inspection of all four battery groups. 

Battery capacity is basically around 220 Ah when ex-factory, after applica- 
tion and retest; on the one hand, the battery average capacity drops signifi- 
cantly, and on the other hand, the battery capacity difference increases 
observably. Data in Figure 2.48 (up) show that the battery capacity is basically 
about 220 Ah when ex-factory, and the capacity difference is +0.5—-1 Ah. Data 
in Figure 2.48 (down) show that the battery capacity drops about 10-17.5% in 
average after application, and the capacity difference increases to +20-25 Ah 
of average capacity. 


2.5.1.3 Study on Power Battery Internal Resistance SOH Characteristics 
and Its Distribution Law 
Another important indicator reflecting battery performance is internal resist- 
ance of the battery. Conduct internal resistance inspection again on the afore- 
said battery sample (i.e., 2163 batteries). Trace back to the internal resistance 
test data when ex-factory with the battery code as well. The relative proportion 
of the battery internal resistance and internal resistance distribution is shown 
in Figure 2.49 and Figure 2.50. 

From Figure 2.7, it can be seen that the distribution of battery internal resist- 
ance is the same as that of capacity, also presenting normal distribution 
tendency. Conduct normal distribution fitting in the same way: 


f (x)= : exp a= 8) (2.7) 


In Formula (2.7), f(x) means the relative proportion of number of batteries; x 
means the actual internal resistance in each battery module; u means the aver- 
age internal resistance of battery; and o means the distribution discreteness. 


Ex — factory internal resistance : u = 0.28,0 = 0.086. 
Re — inspected internal resistance : u = 0.60, 5 = 0.27. 
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Figure 2.48 Comparison chart of battery capacity distribution for four vehicles: ex-factory 
and retirement re-inspection. 
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Figure 2.49 Distribution comparison of ex-factory battery internal resistance and re- 
inspection internal resistance. 
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Figure 2.50 Variation before ex-factory and after retirement re-inspection of battery 
internal resistance. 
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When ex-factory, the battery internal resistance is mainly concentrated 
on 0.25-0.3 mQ, with positive and negative deviation about 0.05 mQ. After 
application, the battery internal resistance increases observably, mainly concen- 
trating on 0.5 mQ, about a one-time increment; and for battery from vehicle No. 
5313, it even increases to 0.7 mQ. In the meantime, the battery internal resistance 
differentiation is also significantly increased, with the positive and negative 
deviation about 0.15 mQ, approximately a three times increment. To sum up, 
under the charge mode, the battery internal resistance is increased significantly, 
and the internal resistance distribution discreteness is very apparent. 


2.5.2 Retired Battery Screening, Evaluation, and Discreteness Study 


It also takes a HPPF70173248 square soft-pack power battery retired from a 
BEV bus as object, making a key analysis on the appearance characteristics of 
the retired battery, and studying its discreteness of voltage, capacity, internal 
resistance, and so on. The nominal capacity of the HPPF70173248 LFP cell is 
20Ah, and the platform voltage is 3.2V, with a charge—discharge range of 
2.80-3.65 V. A battery test could adopt a battery tester produced by a certain 
company to conduct charge—discharge and circulation performance tests; an 
open circuit voltage (OCV) and internal resistance test shall adopt the HIOKI 
BT 3554 model battery tester. 

The test method shall refer to the requirements to battery tests in the Chinese 
national standard GB/T 743-2006, combining the requirements of basic 
parameters and ex-factory technical tests of selected battery samples. The bat- 
tery capacity test method adopted in the test is as follows: under the tempera- 
ture of 20+5°C, discharge the residual capacity first, leave it for 15min, and 
charge with 3C current till 3.65 V, then switch to a constant voltage charge till 
the charging current is decreased to 0.05 C, and the battery shall be deemed as 
fully charged. Leave it for 0.5h, and discharge it in 0.5 C constant current till 
the voltage drops to 2.8 V; then, record the discharged quantity as capacity of 
battery. The test method of battery voltage and internal resistance is as follows: 
under the temperature of 20+5°C, charge the battery fully with the above- 
mentioned method, leave it for half an hour, and measure its voltage and inter- 
nal resistance reading with a cell tester directly. 


2.5.2.1 Appearance Screening and Analysis of Retired Cells 

Take the retired batteries from a whole vehicle as the sample (1# battery 
sample), disassemble them all, and 3600 cells are obtained for test and analysis. 
Cells after disassembly shall be classified through visual inspection. The good- 
appearance cells account for 37.31%, and those going soft and bulging are, 
respectively, 50.86% and 11.67%; others are 0.17%, mainly the cells destroyed 
manually during the weeping and disassembly processes. The detailed distri- 
bution is shown in Figure 2.51. 
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Figure 2.51 Scale drawing of cell appearance inspection after disassembly of 1# retired 
battery sample. 
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Figure 2.52 Electric performance test for a cell of #1 battery sample appearance- 
accepted goods. 


Cells with bad appearance mainly have phenomena of going soft and bulg- 
ing, which is due to internal side reactions during the battery use process, such 
as SEI membrane damage, electrolyte decomposition, collapse of electrode 
material structure, and inability of emerging of built-in lithium. Meanwhile, 
physical and circuit damages could almost be ignored. 

For 1343 accepted cells passing the appearance inspection, in order to fur- 
ther test their possibility of reuse, they are operated with electrical property 
tests, such as voltage, internal resistance, capacity, and cycling performance. 
It is discovered that only 296 cells finally passing the tests could be used for re- 
grouping, accounting for 22.04% of appearance-accepted goods; see Figure 2.52. 

To make the test result more representative, a batch of 320 200 Ah battery 
modules retired from other electric buses are selected, nearly 3200 cells 
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Table 2.7 Visual inspection and sorting results for 2# 
retired battery samples. 


Battery appearance Stats quantity 
Air bulging 522 
Soft 1600 
Intact 1088 


Cell appearance inspection 


Soft 50% 


Intact 
34% 


Air bulging 16% 


Figure 2.53 Scale drawing of a cell appearance inspection after disassembly of 2# retired 
battery sample. 


(2# battery sample); and the battery operation time is 2011-2014, all from the 
same manufacturer. Cells after disassembly shall be classified through visual 
inspection. The percentage of cells with an intact appearance is 34%, and those 
of soft and bulging cells are 50% and 16%, respectively. See Table 2.7 and 
Figure 2.53 for specific distribution. 

The test results show that the appearance characteristics of the above two 
batches of cells retired from different electric buses are almost consistent with 
the percentage of batteries with different appearances, which means that the 
samples, analysis, and test results are typical and representative. 


2.5.2.2 Study on Voltage Consistency of Retired Cells 

The voltage measured with a cell tester is static open-circuit voltage (OCV). 
There is an invalid method to measure the OCV alone because the voltage 
will be constantly changed along with the batteries’ state of charge. However, 
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Figure 2.54 Open circuit voltage (OCV) distribution of 1# retired cell samples. 


based on this method, the batteries with abnormal voltage and without charge- 
discharge ability can be abandoned, and the consistency of batteries can be 
analyzed and checked. As shown in Figure 2.54, the OCV of most retired bat- 
teries among 1# battery samples ranges from 3.33 V to 3.35 V; when compared 
with requirement for the voltage differences of <10 mV between batteries when 
ex-factory, the consistency is good. It indicates that, in charging mode, the use 
of batteries has a small effect on OCV. 

In a similar way, another 2# battery samples show similar voltage character- 
istics (see Figure 2.55). 


2.5.2.3 Retired Cell Capacity Characteristic Analysis 

A 0.5 C discharge capacity test is conducted on 1# sample cells with good 
appearance to abandon those that are soft after circulating and fail to com- 
plete the electrical performance cycle test due to abnormal voltage and inter- 
nal resistance; 583 cells remain. In charging mode, the retired cells have the 
following capacity characteristics: on the one hand, most of the cells, whose 
capacity can be measured, still have much power, being more than 90% of the 
nominal capacity in general. Such cells account for 93.89% of all cells with 
good appearance. On the other hand, for a tiny number of battery cells, it is 
almost impossible to complete the charge—discharge process; conduct a 
capacity test, and several cells can discharge with a discharge capacity of less 
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Figure 2.55 OCV distribution of 2# retired battery samples. 
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Figure 2.56 Test of the capacity of the 1# sample battery with good performance. 


than 30% of the nominal capacity. Such cells account for about 3.40% of all 
cells with good appearance. The capacity distribution of a retired cell is shown 
in Figure 2.56. 


2.5.2.4 Analysis of Internal Resistance Characteristics and Consistency 

of Retired Cells 

Based on different visual inspection types, measurement of internal resistance 
is conducted for 1# retired cell samples, and the result is shown in Figure 2.57. 

Figure 2.57 shows that the average internal resistances of good, soft, and 
bulging cells are constantly increasing, while their consistency is decreasing 
continuously. The internal resistance of the cells with good appearance basi- 
cally remained 5 mQ or so. And that of the soft and bulging cells is basically 
above 10 mQ, with a large discreteness. The distribution of internal resistance 
values shows that the increase of a bulging cell’s internal resistance is more 
significant than that of the soft cell, which means that overcharge has more 
serious damages to batteries. 

According to the actual use condition, the battery capacity fading always 
occurs together with the increase of battery internal resistance. But it is diffi- 
cult to get a quantitative relationship. As shown in Figure 2.58, we can only 
confirm a rough relationship between the residual capacity of the battery and 
the increase of battery internal resistance, which shows as the lower the inter- 
nal resistance is, the relatively higher the residual capacity of the battery is. 
However, there is no obvious relationship between the capacity retention ratio 


114] Reuse and Recycling of Lithium-lon Power Batteries 


25 
— 20 
Gq 
E Good cells 
8 45 
£ 
2 
N 
© 10 
T 
S 5 


0 
100 200 300 400 500 600 700 800 900 1000 1100 120013001400 
Cell number 
1000 
900 


Soft cells 


Internal resistance (mQ) 
oa 
=] 
S 


100 200 300 400 500 600 700 800 900 
Cell number 
1000 
900 
800 
700 


Bulging cells 


Internal resistance (mQ) 


50 100 150 
Cell number 


Figure 2.57 Comparison chart of internal resistance distribution of 1# cell samples of 
different types. 
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Figure 2.58 Relationship between 1# retired battery's residual capacity and internal 
resistance increase. 


and initial capacity of the battery. Although from Figure 2.58 we know that 
capacity and internal resistance are subject to normal distribution, when a 
Pearson Correlation Coefficient is used to calculate the correlation based on 
the explanation of a Pearson Correlation Coefficient range level, it can be con- 
sidered that there is only a small or even no correlation between them. 

Compared with the aforesaid statistical results, 2# battery samples also show 
obvious internal resistance discreteness, but the range of internal resistance is 
mainly 1-2 mQ, which is significantly reduced; see Figure 2.59. It means that 
promotion of battery manufacture standards and operation management lev- 
els are also conducive to a battery’s reuse. 

To sum up, with the reduction of a power battery’s use performance, its char- 
acteristic is significantly shown as the following: the capacity is reduced and 
the internal resistance is increased, and in particular, the consistency between 
batteries is reduced significantly. The study of an efficient balancing technique 
and reliable BMS is a reliable technical guarantee for a battery’s reuse. 


2.5.3 Study on Performance Characteristics of Retired Batteries 


External characteristics of retired batteries include appearance, high- and low- 
temperature discharge characteristics, cycle performance, rate discharge, self- 
discharge rate, and capacity recovery. A retired battery’s external characteristic 
distribution law is obtained by conducting a systematic study on the external 
characteristics of retired batteries. 
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Figure 2.59 Internal resistance distribution characteristics of 2# battery sample. 
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Experimental sample: (1) HPPF70173248-type LFP soft-pack cells retired 
from a pure electric bus; and (2) a retired battery with normal appearance and 
voltage of 2.8-4.0V, which has no obvious abnormality after a successful 
charge—discharge cycle. The nominal capacity of the battery is 20 Ah, the volt- 
age of the platform is 3.2 V, and the charge—discharge scope is 2.80-3.65 V. 


2.5.3.1 Test of Temperature Effects on Retired Battery Capacity 

Take the LFP battery retired from the electric buses manufactured by a certain 
company as the study objects, the design capacity and actual capacity of which 
are 20Ah and 20-22 Ah, respectively. In the study, the change—discharge 
capacity of the battery in different temperature environments after it is charged 
fully at 25°C is inspected; see Figures 2.60 and 2.61. 

It can be seen that: in a low-temperature environment, the battery’s capacity 
fades rapidly; at -20°C, the discharge capacity of the battery is about 50% of that 
at room temperature. The battery capacity increases as the temperature rises. 

Test condition 1: The charged batteries are divided into three groups to dis- 
charge at 20°C, -10°C, and -20°C, respectively. After discharging completely, 
the temperature of the three groups of batteries is recovered to room tem- 
perature; then, recharge the batteries and discharge again based on the same 
discharge system. 

Refer to Figure 2.62 for test results. 

As shown in Figure 4.3, the capacity and discharge platform are all reduced, 
and it is impossible for capacity to recover to that at room temperature. 


Voltage/V 


-2 0 2 4 6 8 10 12 14 16 18 20 22 
Capacity/Ah 


Figure 2.60 Discharge curve of a retired battery at different temperatures. 


117 


118 


Reuse and Recycling of Lithium-lon Power Batteries 


22 


20 


=e 
œ 


Capacity/Ah 
D 


= 
D 


12 


—20 0 20 40 60 80 
Temperature/ °C 


Figure 2.61 Discharge capacity of a retired battery at different temperatures. 
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Figure 2.62 Charge-discharge curves of three groups of retired batteries. 


The Study Group selects another LFP retired battery (with a design capacity 
of 15 Ah and an actual capacity of 15-17 Ah) manufactured by another com- 
pany to carry out the temperature experiment on performance. 

Test condition 2: The battery is charged and discharged under the same tem- 
perature. The results are shown in Figures 2.63 and 2.64. 
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Figure 2.63 Discharge curves of a retired battery at different temperatures. 
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Figure 2.64 Discharge capacity of a retired battery at different temperatures. 


The results in Figures 2.63 and 2.64 show that the charge and discharge tem- 
perature condition for all batteries in this experiment is in full accord, that is, 
the charge and discharge temperatures are consistent. The conclusion is 
consistent with the above experiment result, that is, the battery has poor low- 
temperature performance. 
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Analysis suggested that at low temperature, the diffusion rate of Li-ions 
when they are embedded into carbon negative electrodes is slower than that 
when they are emerged from carbon; therefore, when charging at low tempera- 
ture, it is easy to see Li-ion precipitation and deposition on a negative electrode 
surface. Because the deposited lithium metal has the larger specific surface 
area and higher reactivity, it is easy to generate an irreversible reaction with the 
electrolyte, resulting in reduction of battery capacity. In addition, in general, 
the reaction product that lithium metal reacts with electrolyte is no electronic 
conductivity. When it covers on the surface of the electrode, it results in a 
further increase of impedance of the surface film covering the battery negative 
electrode, with battery polarization increased and battery voltage reduced. 
Also, the back-and-forth consumption of lithium metal will make the “active 
lithium” in a battery decrease gradually, and the cycling stability is reduced. 


2.5.3.2 Retired Battery Cycle Test under Different 

Charge-Discharge Strategies 

This studies the battery cycle procedures of retired batteries under the 
conditions of 1 C charge—discharge (see Figure 2.65), and 0.3C charge - 0.5C 
discharge (see Figure 2.66). 
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Figure 2.65 Capacity cycle performance of a retired battery under 1 C. 
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Figure 2.66 Capacity cycle performance of a retired battery under the strategy of 0.3 C 
charge and 0.5 C discharge. 


Research shows that a retired battery cycles 700 times under the 1 C charge- 
discharge condition, the residue capacity is about 80%, the battery capacity is 
reduced obviously after cycling more than 700 times, and the residue capacity 
is only about 2 Ah at the 780th cycle (see Figure 2.67). 

Another charge—discharge strategy is: 0.3 C charge and 0.5 C discharge. 
Under this charge—discharge condition, the battery has a very good cycling 
stability, and after nearly 400 cycles, the capacity remains basically unchanged 
with a reduction of capacity not more than 5% (see Figure 2.68). 

In conclusion, the retired battery still shows excellent cycle performance. 
The reuse of retired batteries shall be conducted in an occasion having moder- 
ate charge—discharge requirements, that is, an occasion having a smaller 
charge—discharge rate, preferably not more than 1 C. 


2.5.3.3 Retired Battery Rate Performance Test 

In this study, a rate performance test is conducted on retired batteries 
manufactured by two manufacturers, ranging from 0.1 C to 1 C; see 
Figures 2.69 and 2.70. 
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Figure 2.67 Variation relation between cycle life and capacity of a retired battery under the 
condition of 1 C charge-discharge. 
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Figure 2.68 Variation relation between cycle life and capacity of a retired battery under the 
condition of 0.3 C charge and 0.5 C discharge. 
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Figure 2.69 Discharge curves of retired battery A under different rates. 
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Figure 2.70 Discharge curves of retired battery B under different rates. 
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The test shows that with the increase of discharge rate, the polarization volt- 
age of the battery drops deeper, and the available voltage platform also decreases; 
with the increase of discharge rate, the inflection point of the voltage capacity 
discharge curve moves leftward, and the effective available capacity of the 
battery also decreases. Combining with the above study results, the retired 
battery is suitable for working under a discharge rate of 0.5 C and less. 


2.5.3.4 Self-Discharge Rate and Capacity Recovery Test 

for Retired Batteries 

2.5.3.4.1 Retired Battery Self-Discharge Rate Test 

After being fully charged, the retired battery is placed at room temperature for 
30 days. Observe its appearance and weight to ensure that no obvious changes 
are found, then measure its capacity loss; see Tables 2.8 and 2.9. 

The test indicates that after 30 days of storage at room temperature, 
the capacity-fading rate of the retired power battery is about 13%, and the 
maximum fading rate is 18.1%. Compared with new batteries, the self- 
discharge rate of the retired battery is increasing. 


2.5.3.4.2 Retired Battery Capacity Recovery Test 

Retired power batteries with 0%, 50%, and 100% SOC are placed at 70°C for 7 
days. Obvious changes in the appearance of the three kinds of batteries are 
found, and bulging occur in different degrees. A further test of their capacity 
recovery rate and AC impedance is conducted, and the test results are shown 
in Table 2.10. 


Table 2.8 Capacity-fading rate of a retired lithium-ion power battery after 30 days 
of storage (test |). 


Battery capacity Battery capacity Capacity drop 

Battery No. before storage after storage Capacity fading rate (%) 
6 21.289 18.482 2.807 13.2% 
10 20.791 17.914 2.877 13.8 

12 21.428 18.611 2.817 13.1 

13 21.25 18.484. 2.766 13.0 

14 21.376 18.484 2.892 13.5 

15 20.806 18.009 2.797 13.4 

17 20.713 17.974 2.739 13.2 

18 20.661 17.917 2.744 13.4 

19 20.273 17.241 3.032 15.1 


20 19.991 16.773 3.218 16.1 


Table 2.9 Capacity-fading rate of a retired lithium-ion power battery after 30 days 
of storage (test Il). 


Battery no. 


Battery capacity 
before storage 


20.368 
20.893 
20.697 
22.17 

20.311 
20.603 
21.46 

20.635 
19.945 
19.801 
20.609 
20.242 
21.481 
19.496 
20.221 
19.239 
19.352 
17.993 
19.999 
20.878 
20.922 
20.64 

20.81 


Battery capacity 
after storage 


17.237 
18.107 
17.913 
19.385 
17.541 
17.859 
18.737 
17.853 
16.931 
17.076 
17.817 
17.54 

18.815 
16.271 
17.409 
15.753 
16.281 
15.95 

17.225 
18.135 
18.147 
17.934 
18.091 


Self-discharge 


Capacity fading rate (%) 


3.131 
2.786 
2.784 
2.785 
2.77 

2.744 
2.723 
2.782 
3.014 
2.725 
2.792 
2.702 
2.666 
3.225 
2.812 
3.486 
3.071 
2.043 
2.774 
2.743 
2.775 
2.706 
2.719 


15.4 
13.3 
13.5 
12.6 
13.6 
13.3 
12.7 
13.5 
15.1 
13.8 
13.5 
13.3 
12.4 
16.5 
13.9 
18.1 
15.8 
11.4 
13.9 
13.1 
13.3 
13.1 
13.1 


Table 2.10 Capacity recovery ability of a retired battery under different SOC states. 


Battery 
under 
different 
states 
(DOD) 


Appearance 
changes after 
storage 


Severe bulging 
Bulging 


Severe bulging 


Increase of internal 


resistance 


measured based on 
AC impedance (mQ) 


50 
32 
79 


Capacity 
recovery 
rate (%) 


85 
93 
86 


Appearance 
recovery conditions 


Basically recovered 
Basically recovered 


Basically recovered 
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Description of test: (1) after being stored in a high-temperature environment 
for 7 days, the battery’s performance drops obviously, which is mainly shown 
as changes in appearance and internal resistance of battery. In the states of full 
charge and zero charge, the battery performance drops most obviously; in the 
state of half-charge, the storage of battery is most favorable. (2) After being idle 
at room temperature for a period of time, the bulging phenomenon basically 
disappears. It is preliminarily deemed that at room temperature, the battery’s 
positive and negative electrode surface SEI film changes and consumes the gas 
generated previously. 

The retired battery’s appearance, high- and low-temperature discharge char- 
acteristics, cycle performance, rate discharge, self-discharge rate, capacity 
recovery, and other external characteristic tests indicate that: 


1) The high- and low-temperature discharge characteristics of retired LFP bat- 
teries are similar with those of new batteries, and discharge performance 
drops dramatically at low temperature. 

2) The retired battery has excellent cycle performance. Under the condition 
of 0.3 C charge and 0.5 C discharge, the capacity of the battery usually 
decreases not more than 5% after 400 effective cycles. Under the strategy 
of 1 C charge—discharge, the battery’s capacity-fading rate is only 20% after 
700 effective cycles. 

3) The retired battery is suitable for working under a relatively small discharge 
rate; the best performance can be realized when working under a discharge 
strategy of no more than 0.5 C. 

4) The self-discharging rate of the retired battery is above 10%, slightly 7-8% 
higher than that of a new battery. 


2.5.4 Research on Safety and Thermal Characteristics 
of Retired Batteries 


Because retired batteries have been used in EVs for several years, and the inter- 
nal and external characteristics of the battery are changed after cycling hun- 
dreds or even thousands of times, the safety and thermal characteristic of 
retired batteries are two of the factors to be first considered for reuse, as well 
as the necessary work to test them before reuse. The retired battery can be 
used if it passes the test; otherwise, it cannot be conducted for reuse. 


2.5.4.1 Safety Test of 20 Ah Soft-Pack LFP Retired Batteries 

A 20Ah LFP soft-pack retired LIB manufactured by one company is selected, 
and the design specification and use condition of the battery are as follows: 
20 Ah nominal capacity, 3.2 V platform voltage, 3.65 V and 2.8 V charging and 
discharging cutoff voltages, and application environment: electric bus, service 
life of 3 years. 
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According to relevant industrial and enterprise standards, the Henan 
Technical Research Center of Secondary Battery Engineering was entrusted 
to detect the safety of the following aspects: (1) over-discharging; (2) over- 
charging; (3) short-circuit; (4) dropping; (5) heating; (6) extruding; and (7) 
puncturing. 

The test process and result are as follows: we can find that there are no 
explosion and ignition phenomena in each test process through the above 
safety compulsory test. The specific result phenomenon for each test process is 
as follows: 


Over-discharging test: The battery shape is intact after the test, and there are 
no explosion, ignition, and leakage phenomena; the voltage is restored to 
about 2.5 V after being static for a time. 

Overcharging test: The battery shape is changed after the test, and it is bulged 
slightly, but there are no explosion, ignition, and leakage phenomena. The 
internal resistance of the battery is increased slightly, and the voltage value 
is about 4 V. 

Short-circuit test: The battery is bulged seriously after the test, and the tem- 
perature has risen to about 82°C during the short-circuit process, but there 
are no explosion, ignition, and leakage phenomena. 

Dropping test: It is not done in the test. We can find that the battery is deformed 
seriously according to the test result at an earlier stage, but there are no 
explosion, ignition, and leakage phenomena. 

Heating test: The battery shape is not changed basically after the test; the volt- 
age and internal resistance are changed slightly, but there are no explosion, 
ignition, and leakage phenomena. 

Extruding test: The surface temperature of the battery is changed slightly after 
this test, and the temperature has risen by 4—6°C (a imponrtant feature of 
LFP positive electrode material, which reflects its safety), but there are no 
explosion, ignition, and leakage phenomena. 

Puncturing test: The local temperature of the extruding part of the battery has 
risen after the extruding test, but the temperature is changed slightly, and 
there are no explosion, ignition, and leakage phenomena. 


The test result is summarized in Table 2.11. In conclusion, the result shows 
that the safety of retired lithium-ion batteries does not decline and fade through 
safety detection, and it is safe for an energy storage battery used in the energy 
storage project of a power grid. 


2.5.4.2 Safety Test of 15 Ah Soft-Pack LFP Retired Batteries 

A 15Ah LFP soft-pack retired LIB manufactured by one company is selected, 
and the design specification and use condition of the battery are as follows: 
15 Ah nominal capacity, 3.2 V platform voltage, 3.65 V and 2.8 V charging and 
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Table 2.11 Changes of each parameter of a retired lithium-ion battery before and after the safety detection. 


Data Short- 
circuit Puncturing Extruding High temperature Over-discharging Overcharging Dropping 
Items 201 203 205 208 202 206 - 
Before test Internal resistance 2.30 2.40 1.80 2.40 2.50 2.40 - 
Voltage 3.36 3.35 3.36 3.36 3.30 3.30 - 
Thickness 6.99 6.90 6.90 7.13 6.86 6.88 - 
After test Internal resistance 14.7 4.00 3.10 3.00 3.10 52.9 - 
Voltage 3.27 3.33 3.31 3.34 2.47 3.96 - 
Thickness - -= - 7.22 6.68 - - 
Initial temperature (°C) 25 25 23 - - 30 - 
Maximum temperature (°C) 82 27 27 - - 33 - 
Conclusion Qualified Qualified Qualified Qualified Qualified Qualified -= 
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discharging cutoff voltage, and application environment: electric taxi, service 
life of 3 years. 


According to relevant industrial and enterprise standards, the professional 


detection organization is entrusted to detect the safety of the following aspects 
(see Table 2.12). The test method and test process are shown as follows: 
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Test item: High temperature (at 85°C for 120 min) 

Test method: Place the battery in the incubator at 85 + 2°C and maintain for 
120 min after it is charged standardly. The battery shall not explode or 
ignite. 

Test results: The battery does not leak after high-temperature testing. The 
weight is 457.52 before and after the test. The battery shall not ignite or 
explode. 

Test item: Overcharging (1 C, 5V) 

Test method: Charge the battery with a 12 A constant current after standard 
charging, with an upper limited voltage of 5 V and charging time of 90 min, 
or stop charging when the battery temperature begins to reduce. 

Test results: The battery does not leak during the overcharging test process, 
and the highest test temperature is 31.7°C. The weight of the battery is 
456.17 g before and after the test; the battery shall not ignite or explode. 
Test item: Acupuncturing 

Test method: Penetrate the battery in the direction vertical to the pole plate 
at 10-40 mm/s rapidly with a 63-8 mm high-temperature-resistant steel 
needle after it is charged standardly, and the steel needle is stayed in the 
battery. 

Test results: The battery does not leak during the acupuncturing test pro- 
cess, and the highest test temperature is 21.4°C. The weight of the battery is 
452.86 g before and after testing; the battery shall not ignite or explode. 
Test item: Extruding 

Test method: Place the battery vertically, with the extruding direction: apply 
pressure in the direction vertical to pole plate, with the extruding head area, 
of no less than 20mm’; extrude till the battery shell is broken or 
short-circuits. 

Test results: The battery is not deformed or leaky during the extruding test 
process; the weight of the battery is 453.82 g and 452.82 before and after 
testing respectively; and the battery shall not ignite or explode. 

Test item: Short-circuit 

Test method: Short-circuit the battery by external circuit with resistance less 
than 5 mQ for 10 min after it is charged standardly. 

Test results: The positive electrode lead of the battery is fused instantly 
without leakage during the short-circuit test process; the weight of the bat- 
tery is 453.80g before and after the test; the battery shall not ignite or 
explode. 
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Table 2.12 Safety detection items of retired batteries. 


Serial no. Test item 


1 Overcharging 

2 Over-discharging 
3 Short-circuit 

4 Dropping 

5 Heating 

6 Extruding 

T, Puncturing 


Test method and judgment basis 


Charge the single battery with a constant current and 
constant voltage source at 12 A and 5 V, and charging 
time is up to 90 min. The battery shall not explode or 
ignite. 

Discharge the single battery to OV at 4 A constant 
current. The battery shall not explode, ignite, or leak. 


Short-circuit the battery by an external circuit with 
resistance less than 5 mQ for 10 min. The battery shall 
not explode or ignite. 


Drop the battery on a hard board with thickness of 
20mm from 1.5m height freely, and repeat it once for 
each side. The battery shall not explode, ignite, 

or leak. 


Place the battery in the incubator at 85+2°C and 
maintain for 120 min. The battery shall not explode 
or ignite. 


Place the battery vertically, with extruding direction. 
Apply pressure in the direction vertical to the pole 
plate, with the extruding head area; no less than 
20mm’, extrude till the battery shell is broken or 
short-circuits. The battery shall not explode or ignite. 


Penetrate the battery rapidly in the direction vertical 
to the pole plate at 10-40 mm/s with a 3-8 mm 
high-temperature-resistant steel needle, and the steel 
needle stays in the battery. The battery shall not 
explode or ignite. 


6) Test item: Over-discharging 


Test method: Discharge the single battery to 0 V at 4 A constant current after 


it is charged standardly. 
Test results: The battery do 


es not leak after the over-discharging test; the 


battery shall not ignite or explode. 


7) Test item: Dropping 


Test method: Drop the battery on the hard board with thickness of 20mm 
from a 1.5m height freely, and repeat it once for each side. 

Test results: The battery does not leak during the dropping test process, and 
the weight of the battery is 455.81 g before and after the test; the battery 


shall not ignite or explode. 


The test results are summarize 


d as shown in Table 2.13. 


Table 2.13 Safety detection result of retired battery. 
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Test items 


High 
temperature 


Overcharging 


Puncturing 


Extruding 


No. 


A22-0343 


A16-2545 


A10-1598 


A07-1086 


A06-0937 


A05-0552 


A06-0894. 


A05-0689 


Experimental 
phenomena 


The battery does not 
leak, ignite, or 
explode. 


The battery does not 
leak, ignite, or 
explode. 


The battery does not 
leak, and the highest 
test temperature is 
31.7°C. The battery 
does not ignite or 
explode. 


The battery does not 
leak, and the highest 
test temperature is 
30.6°C. The battery 
does not ignite or 
explode. 


The battery does not 
leak, and the highest 
test temperature is 
21.4°C. The battery 
does not ignite or 
explode. 


The battery does not 
leak, and the highest 
test temperature is 
126.3°C. The battery 
does not ignite or 
explode. 


The battery has no 
deformation or 
leakage. The battery 
does not ignite or 
explode. 


The battery has no 
deformation or 
leakage. The battery 
does not ignite or 
explode. 


Judgment 
standard 


Not ignite 
or explode 


Not ignite 
or explode 


Not ignite 
or explode 


Not ignite 
or explode 


Not ignite 
or explode 


Not ignite 
or explode 


Not ignite 
or explode 


Not ignite 
or explode 


Judgment 
result 


Qualified 


Qualified 


Qualified 


Qualified 


Qualified 


Qualified 


Qualified 


Qualified 


(Continued) 
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Table 2.13 (Continued) 


Experimental Judgment Judgment 
Test items No. phenomena standard result 
Short circuit A11-1624 The battery positive Not ignite Qualified 
electrode lead is or explode 


fused instantly 
without leakage. 
The battery does not 
ignite or explode. 


A17-2670 The battery positive Not ignite Qualified 
electrode lead is or explode 
fused instantly 
without leakage. 
The battery does not 
ignite or explode. 


Over- A06-0826 The battery does Not ignite Qualified 
discharging not leak, ignite, or explode 
or explode. 
Al4-2196 The battery does Not ignite Qualified 
not leak, ignite, or explode 
or explode. 
Dropping F01-0091 The battery does Not ignite Qualified 
not leak, ignite, or explode 
or explode. 
A08-1123 The battery does Not ignite Qualified 
not leak, ignite, or explode 
or explode. 


Test conclusion: The result shows that the safety of retired lithium-ion batteries 
conforms to standards and specifications for safety detection, and its reuse 
conforms to safety requirements. 


2.5.4.3 Thermal Characteristics Test of Retired Batteries 

A 15Ah LFP soft-pack retired LIB manufactured by one company is selected, 
and the design specification and use condition of the battery are shown as fol- 
lows: 15 Ah nominal capacity, 3.2 V platform voltage, 3.65 V and 2.8 V charging 
and discharging cutoff voltage, and application environment: electric truck, 
service life of 2 years. 

Shanghai H&D EV Battery Co. is entrusted to test the temperature rise 
situation of charging and discharging for retired batteries with different 
residual capacities (below 50%, 50-60%, 60-70%, 80-90%, and 90—100% 
SOC), with the following test conditions: discharge 1 C at 25°C; and charging 
temperature rise: charge 1 C to constant voltage at 25°C. The instrument and 
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equipment include: an FLIR thermal imager, HIOKI-8423 temperature col- 
lector, and Partner (PTC14003-M)/Espec (sewth+Z-022L) temperature 
control box. 

The thermal characteristic test steps for a retired battery are as follows: 


Preparation before test: Because it is a soft-pack battery, the special fixture is 
used to fix the lead. The schematic diagram and practical drawing of the 
thermocouple are shown as Figure 2.71. 

Thermal characteristics test: Charge and discharge the battery with a 12 
A current at 25 + 2°C. 


The test steps are shown as follows: 


1) Stay for 2 minutes. 

2) Discharge at a 12 A constant current, then cut off at a 2.5 V monomer volt- 
age. The temperature curve is shown as Figure 2.72. 

3) Stay for 1 hour, or until the temperature reaches 25 + 2°C. 

4) Charge at a 12 A constant current, and charge at a 2.5 V monomer voltage 
to constant voltage, with a cutoff current of 0.5 A. The temperature curve is 
shown as Figure 2.73. 

5) Stay for 1 hour, or until the temperature reaches 25 + 2°C. 


Schematic diagram Practical drawing 


Figure 2.71 Thermal characteristics test of a retired battery. 
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Figure 2.72 1 C discharging temperature rise curve. 
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Figure 2.73 1 C charging temperature rise curve. 
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Figure 2.74 Thermal imaging figures. 
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6) The thermocouple collector records the temperature of each point during 
the charging and discharging process of the battery, and the thermal 
imager records an image at the end of charging and discharging. See 
Figure 2.74. 

Conclusion of thermal characteristics test: The charging and discharging 
temperature rise of retired batteries with different residual capacities at 
1 C will not exceed 34°C. 


2.5.5 Physical and Chemical Characteristics and Fading Mechanism 
of Retired Batteries 


The performance fading of power batteries is caused by changes in the physical 
and chemical characteristics of battery components. It is very critical for reuse 
to research the physical and chemical characteristics and change rule of bat- 
tery components in the performance-fading process. 

Currently, the research on performance fading of lithium-ion power batter- 
ies is rarely reported. A few have researched the performance-fading mecha- 
nism of a LiFePO,—graphite system LIB, and think that the loss of effective 
reversible lithium and active substances in the battery is the main reason for 
performance fading. 

The LIB is a complicated electrochemical system, and many factors influ- 
ence its performance fading, so a research group has taken a large number of 
retired and scrapped batteries as research objects, researched the internal 
structure change of batteries in the performance-fading process of a power 
LIB, and analyzed the main reasons for performance fading. 


2.5.5.1 Analysis on Reasons for Performance Fading of Power Batteries 
Different embedding energies are required when the embedding reaction 
happens to two electrodes of the LIB; however, to reach an optimal state of 
battery performance, the capacity ratio of two electrodes as the lithium-ion 
host should be maintained at a balanced value. The capacity ratio of a LIB can 
be expressed as the mass ratio of cathode to anode, namely: 


m= _ AxC™ 


m AyC™ 


where: 


C*,C are the theoretical coulomb capacity of a unit lithium ion of cathode and 
anode, respectively; 

Ax, Ay are the stoichiometric number of lithium ion embedded into a cathode 
and anode by negative electricity, respectively; and 

m*,m_ are the mass of cathode and anode, respectively. 
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As seen from this equation, the mass ratio required by a cathode and anode 
depends on the theoretical coulomb capacity corresponding to two electrodes 
and the number of reversible lithium ions. In short, a small mass ratio will 
cause a low utilization ratio of negative electrode material; and a large mass 
ratio will cause hidden dangers due to overcharging of negative electrode. In 
short, the battery performance is optimal at an optimal mass ratio. 

For an ideal LIB system, the capacity balance is not changed within the 
charging and discharging cycling period, so the initial capacity of each cycling 
is a constant value; but this is more complicated in fact. Any side reaction that 
generates or consumes lithium ions and electrons in the LIB may change the 
battery capacity balance; once the capacity balance state is broken, the change 
will be irreversible, and the change will be accumulated in multiple cyclings of 
batteries and have a serious influence on their performance [34]. 


2.5.5.1.1 Overcharging 

Overcharging Reaction of Graphite on Negative Electrode The lithium ion easily 
generates a reduction reaction during the overcharging process of lithium-ion 
batteries, and the generated lithium will be settled on the surface of the nega- 
tive electrode: 


Li* +e” > epool(s) 


The surface of the anode is wrapped by lithium to block the embedding, 
resulting in discharging efficiency reduction and capacity loss; see Table 2.14 
for the reason. 


Overcharging Reaction of Positive Electrode When the ratio of an active sub- 
stance of cathode and anode is low, the overcharging phenomenon of the cath- 
ode will appear (Table 2.15). The main reasons for capacity loss of battery when 


Table 2.14 Factors influencing capacity due to overcharging battery. 


i Overcharging of anode will reduce the number of cycling lithium and fade the 
battery capacity. 
2 The settled lithium metal reacts with solvent and electrolyte to generate LixCO3, 


LiF, or other products; the process is irreversible, and it will reduce the number of 
lithium ions to be used and cause fading of capacity. 


3 The lithium metal is usually formed between the anode and separator to block the 
pore of the separator, increase the internal resistance of the battery, and fade the 
battery’s capacity. 

4 The chemical property of lithium is active; it can easily react with the electrolyte to 


consume it, so as to reduce the discharging efficiency of the battery and lose the 
battery capacity. 
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Table 2.15 Overcharging of positive electrode. 


1 LiyCoO,.-> (1-y)/3[Co304+ O2(g)]+yLiCoO, Safety problems exist on the 
y<0.4 oxygen generated by dissolution of 
positive electrode material. 


2 A-MnO,—> Mn.O3+ O2(g) The lithium—manganese reaction 
usually occurs when the lithium of 
lithium—manganese oxide is 
separated fully. 


the positive electrode is overcharged are: the generation of an electrochemical 
inert substance (e.g., Co30, and Mn,O3) destroys the capacity balance 
between the cathode and anode, and the capacity loss is usually irreversible. 


Oxidation Reaction of Electrolyte in Overcharging When the voltage of both 
ends of a battery is higher than 4.5 V, the oxidation reaction will occur to the 
electrolyte to form undissolved substance (e.g., Li,Co3) and gas, and the undis- 
solved substance will block the micropore of the electrode and prevent transfer 
of lithium ions so as to cause capacity loss during the cycling use process of a 
battery. Currently, ethylene carbonate—dimethyl carbonate (EC/DMC) has the 
highest antioxidant capacity in common electrolytes. (See Table 2.16.) The 
electrochemical oxidation process of solvents can be expressed as: 


Electrolyte = Highest oxide (gas, solution, and solid) + ne~ 


2.5.5.1.2 Dissolution of Electrolyte 

Dissolution of Electrolyte on Positive Electrode and Negative Electrode The 
electrolyte will form undissolved products Li,Co3 and LiF after being dissolved 
on the positive electrode, and the undissolved products will block the electrode 


Table 2.16 Factors influencing oxidation rate. 


Factors influencing 1. Surface area of positive electrode material: The bigger the 
oxidation rate surface area of positive electrode material is, the faster the 
oxidation rate is. On the contrary, the oxidation rate is slower. 


2. Among the conductive agents added in the electrolyte, some 
conductive agents can reduce the oxidation rate of electrolyte 
effectively. 


3. Surface area of added conductive agent: The bigger the surface 
area of conductive agent is, the faster the oxidation rate is. On 
the contrary, the oxidation rate is slower. 
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and fade the battery capacity, so the reduction reaction of the electrolyte on the 
positive electrode will influence the capacity and cycling life of the battery, and 
cause safety problems because the gas generated in the reaction process will 
increase the internal pressure of the battery. The reduction reaction of a posi- 
tive electrode is usually conducted under >4.5 V voltage, so the electrolyte is 
difficult to dissolve on a positive electrode, and the electrolyte is usually dis- 
solved on a negative electrode. 

The stability of an electrolyte on graphite and other negative electrodes is 
low, and it is easy to react and cause irreversible capacity loss of battery [35]. 
The electrolyte will form a layer of passive SEI diaphragm on the surface of the 
negative electrode during charging and discharging for the first time, and the 
SEI diaphragm can isolate the electrolyte and negative electrode carbon and 
prevent further dissolution of electrolyte to maintain a stable structure of nega- 
tive electrode carbon. The electrolyte is only dissolved in forming an SEI dia- 
phragm under ideal conditions, but the process will not occur at a later stage. 


1) The reduction of electrolyte salt is involved in forming the SEI diaphragm, 

but the concentration of electrolyte is reduced when the electrolyte salt is 

reduced, and, finally, the capacity loss of battery is caused (LiPF, is reduced 
to generate LiF, LixPF;_,, PF;0, and PFs). 

The lithium ion will be consumed to form an SEI diaphragm, which will 

cause unbalanced capacity between the positive electrode and negative 

electrode and reduce the specific capacity of the whole battery. 

3) If there are cracks on the SEI diaphragm, the solvent molecule will be pen- 
etrated from cracks, so that the thickness of SEI diaphragm will be increased, 
and more lithium ions will be consumed. In addition, the solvent molecule 
may also block the micropore on the negative electrode surface, so that the 
lithium of batteries cannot be embedded and separated normally during the 
using process, and the irreversible capacity loss of batteries will be caused. 


N 
pai 


Some scholars think that the exchange reaction between ions is propelled 
from the surface to the core of an active substance, the newly generated phase 
embeds an original old phase, and an SEI diaphragm with low conductivity is 
formed on the surface of the particle. We can know that the resistance of the 
SEI diaphragm increases gradually and the interface capacitor is reduced 
gradually with the increase of cycling times of the battery through comparing 
and analyzing the AC impedance spectroscopy before and after using the elec- 
trode material. In short, the SEI diaphragm will be thickened with the increase 
of cycling times. The electrolyte is dissolved to form the SEI diaphragm, which 
is more beneficial to forming a passive diaphragm at high temperature. The SEI 
diaphragm will increase the contact resistance and Li* transfer resistance 
between active substances, as well as the internal polarization resistance of 
the battery, so that the battery cannot be charged or discharged fully and the 
capacity is faded. 
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Table 2.17 Reduction mechanism of electrolyte. 


Reduction of The reduction process of PC and PE is divided into two parts, 

solvent primary electron reaction and secondary electron reaction; the 
secondary electron reaction generates Li,Co; and causes irreversible 
capacity loss on the negative electrode. 


The primary electron reaction of PC will generate propylene and 
ROCO,Li. ROCO;Li is very sensitive to water, and it will react with 
water to generate LiyCo3 and propylene only if the trace water exists. 
But it will not generate Li,Co; under absolute dry conditions. 


The electrolyte mixed by dimethyl carbonate (DMC) and diethyl 
carbonate (DEC) will generate an exchange reaction in the battery to 
generate ethyl methyl carbonate (EMC), and it will also have a 
certain influence on capacity fading of battery. 


Reduction of The reduction of solute is easier than that of solvent, and the product 

solute generated in reduction will be mixed in an SEI diaphragm of negative 
electrode and cause capacity fading of battery. 

Reduction of Too high water content in the electrolyte will generate a LiOH(s) and 

impurity Li,O settled layer, which is unfavorable to embedding lithium ions, 


and cause irreversible capacity loss. 


CO, in the solvent can be reduced to generate CO and Li,CO;(s) 

on the negative electrode, in which CO can rise the internal pressure 
of the battery, while LixCO3(s) can increase the internal resistance of 
the battery to influence the battery’s performance. 


The oxygen in the solvent will cause a battery to form Li,O, consume 
lithium ions, and cause capacity fading. 


Reduction Mechanism of Electrolyte The electrolyte is composed of solvent and 
solute, but it usually contains oxygen, carbon dioxide, and water. The electro- 
lyte will generate a redox reaction in charging and discharging cycling of the 
battery, and its reduction mechanism includes three aspects: reduction of sol- 
vents, solutes, and impurities. (See Table 2.17.) 


2.5.5.1.3  Self-Discharging 

Self-discharging refers to the battery capacity loss caused by internal spontane- 
ous reaction when the battery is not connected with an external circuit [36]. 
The capacity fading of lithium-ion batteries caused by self-discharging is 
divided into two situations: first, fading of reversible capacity; and, second, 
fading of irreversible capacity. The fading of reversible capacity means that the 
lost battery capacity can be restored when it is charged next time, but the fad- 
ing of irreversible capacity is just the opposite. Positive and negative electrodes 
will generate a microbattery reaction with the electrolyte in charging, so that 
the lithium ions are separated. The lithium ion separated and embedded by the 
positive and negative electrode is only related with that in the electrolyte; this 
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Table 2.18 Reaction mechanism of self-discharging. 


Microbattery reaction generated between positive LiyMn 04+ xLi+ + xe > 
electrode and solvent Li, + xMn 04 
The solvent molecule is used as a negative electrode xPC > xPC — free radical + xe" 


oxygen of a microbattery on conductivity substance. 


Microbattery reaction generated between negative PF;+xe — PF5-x 
electrode and electrolyte 


The lithium carbide is oxidized as a microbattery LiyCg > Liy- xCg+xLi+ + xe™ 
under the charging state. 


will cause unbalanced capacity of positive and negative electrodes, and 
capacity fading of this part cannot be restored in the next charging. 

The influence factor of self-discharging includes: the fabrication technology 
of positive electrode material, fabrication technology of battery, property of 
the electrolyte, temperature, and time. The self-discharging rate of batteries is 
determined by the oxidation rate of solvent, so the stability of solvent will have 
a direct influence on the storage life of the battery. The oxidation reaction of 
solvent is mainly reflected on the carbon black surface, so reducing the surface 
area can control the self-discharging rate effectively. The self-discharging rate 
will be changed based on the electrolyte, and the oxidative product of self-dis- 
charging will block the micropore of the electrode, so that the lithium ion is 
embedded and separated difficultly, and the internal resistance of the battery is 
increased and discharging efficiency is reduced, which cause irreversible 
capacity fading. (See Table 2.18.) 


2.5.5.1.4 Electrode Instability 

The positive electrode’s active substance will oxidize the electrolyte and be dis- 
solved under a charging situation so as to cause capacity loss of battery. The 
factors influencing the dissolution of the positive electrode material include: 
structure defects of the positive electrode active substance, too high charging 
potential, carbon black content in the positive electrode material, and catalytic 
oxidation and reduction [37]. 


Structure Change of Positive Electrode (Phase Change) There are two different 
phase changes of lithium—manganese oxide during the charging and discharg- 
ing process of the battery: first, the phase change when the stoichiometry is not 
changed; and, second, the phase change generated when the separation and 
embedment of the lithium ion are changed. When the lithium—manganese 
oxide is charged fully, the lithium will be separated to form à manganese oxide 
2, and it may be phased when the stoichiometry is not changed, and it is 
changed to inactive B and inactive 2 in stoichiometry 2 through e. When the 
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lithium—manganese oxide is over-discharged, excessive lithium ions will be 
embedded; the spinel of the cubic crystal system will be twisted to become a 
spinel of a tetragonal system (this is Jahn-Teller twisting, i.e., the z-axis of the 
crystal cell is elongated by 15%, and the x-axis and y-axis are each shortened 
by 6%); and the positive electrode material will be pulverized after being 
twisted many times. Therefore, the capacity fading of the battery easily occurs 
under deep cycling. 

Although the crystal phase change of negative electrode carbon will be 
generated during the embedment and separation process of lithium ions, it is 
widely believed that the structure change of a negative electrode substance 
will not cause battery capacity fading. 


Dissolution of Positive Electrode For a long time, the mechanism with which 
the spinel electrode is dissolved has been controversial. The classic mechanism 
is proposed by Hunter, who thinks that the electrode is dissolved by a dispro- 
portionation reaction; the equation is as follows: 


4H* +2LiMn**Mn“**O, > 3MnO, +Mn”* +2Li* +2H,O 


It is a dissolution process of a spinel caused by acid. The essence of the 
mechanism is caused by an unstable oxidation state of Mn**, so the dispropor- 
tionation reaction is easily generated to form Mn** and Mn**. Mn”* can be 
dissolved in the solution and settled to be Mn(s) on a negative electrode, and 
it can react with the oxidative product of an electrolyte together with Li* to 
form the passive diaphragm containing lithium and manganese and covering 
the surface of the electrode. The internal resistance increase of battery and 
capacity loss will be caused under these two situations. 


2.5.5.1.5 Current Collector 

The current collector means the structure or part in a collected current, which 
mainly means metal foil in the LIB. For example, the copper foil and aluminum 
foil are the current collector materials that are most commonly used in nega- 
tive electrodes and positive electrodes. The current collector’s main function is 
to collect current generated by the active substance of batteries to form a large 
current external output. To achieve this target, the current collector shall con- 
tact with the active substance sufficiently, and the internal resistance shall be as 
small as possible, which is the reason why the LIB adopts metallic copper and 
aluminum with higher prices. 

Corrosion of the current collector is relevant to the type of electrolyte and 
battery voltage. For electrolyte LiPF,-EC/DMC, if the voltage is 4.2 V, the alu- 
minum foil could be corroded; and for LiBF,-EC/DMC and LiClF,-EC/DMC, 
if the voltage is less than 4.9 V, the aluminum foil cannot be corroded, because 
LiPF, can easily generate hydrofluoric acid (HF). 
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Aluminum Foil Aluminum foil can easily form a layer of oxide film on the sur- 
face, whether in air or in electrolyte. When full or partial corrosion (e.g., pit- 
ting) occurs to the current collector surface, the electrode reaction resistance 
will increase, and battery internal resistance will increase at the same time, 
resulting in battery discharging efficiency decrease and capacity loss. Some 
people study the pitting corrosion process of aluminum foil in electrolyte PC/ 
EDC and EC/DMC by photoelectron spectroscopy, impedance spectroscopy, 
Auger technology, and so on. Through analysis, it can be learned that after 
weak acid salt processing, a coating layer with good protection effects will be 
generated on the surface of an aluminum current collector. Besides, research 
shows that adding fluoride to an aluminum current collector could restrain the 
corrosion process of aluminum effectively. 


Copper Foil During the charging and discharging process, a copper current 
collector will be corroded to generate a layer of insulating film, resulting in 
battery internal resistance increase, reducing the battery discharging efficiency 
in the circulation process, and causing capacity fading. When the battery is 
over-discharged, copper foil will have the following reactions: 


Cu > Cu‘ +e (in over-discharging) 


Cu’* generated from the reaction will crystallize in the form of metallic cop- 
per and deposit on the surface of a battery negative electrode to form a copper 
dendrite during charging, and it is extremely easy for such crystal to penetrate 
the battery diaphragm and lead to short-circuiting, even explosion. What 
needs special attention during the battery manufacturing process is: when 
screening the negative electrode pole pieces, pole pieces with material drop- 
ping and copper exposure cannot exist, because the pole piece position with 
copper exposure will easily form copper dendrites, damaging the battery. 

The best method to restrain copper current collector dissolution is that 
the discharging voltage of the battery shall not be less than 2.56 V. To reduce 
the influence of current collector dissolution on battery capacity, the copper 
current collector is best pretreated (e.g., with conductive coating, corrosion 
resistant coating, and acid—alkali etching) during the battery manufacturing 
process, to improve the corrosion resistance and adhesivity of the current col- 
lector. That is because if the surface adhesivity of the current collector is too 
poor, during the process of battery circulation, part of the electrode may be 
separated from the current collector, which increase the battery polarization 
and influence capacity greatly. 


2.5.5.2 Diagnostics and Analysis of Power Battery Performance 
Researchers from “712” Research Institute, China Shipbuilding Industry 
Corporation, and Tianjin University have studied the influence to 20Ah 
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lithium-ion power battery capacity fading caused by different discharging rates 
under room temperature. The battery capacity fading will increase along with 
the increase of the discharging rate: after 200 circulations, the batteries are 
faded by 20.28%, 28.58%, and 34.85% for, respectively, 1 C, 2 C, and 3 C. These 
researchers further analyzed the quantitative relation of three factors that 
largely affect battery capacity, including active electrode substance loss in the 
circulation, difference of different capacity discharging, and solution, as well as 
the loss of other factors. Research shows that in 1 C circulation, capacity loss 
caused by a positive electrode active substance dominates, while in 2 C and 3 C 
circulation, capacity loss caused by a negative electrode active substance domi- 
nates. In the end, through analysis of AC impedance spectroscopy and data 
fitting to spectroscopy by the Corce model, it is discovered that under high rate 
circulations, the SEI diaphragm will be damaged by temperature caused by 
current and the impact of a negative structure from internal pressure, causing 
the diaphragm to form a reaction of graphitic layers and electrolyte, thickening 
the SEI diaphragm, and increasing diaphragm impedance. Therefore, the sepa- 
ration and embedment resistance of lithium ions at the negative electrode will 
increase, and it will be expressed as the fading of whole-battery capacity on the 
macro scale [38]. 

Central South University studied the capacity-fading mechanism of manga- 
nese acid lithium batteries after storage [39]. They employed commercial 
LiMn,O, to produce manganese acid lithium—graphite batteries, studied the 
storage performance, and conducted characterization analyses to the positive 
electrode, negative electrode, and electrolyte before and after storage. The 
results show that: after storing for one month at half charge, the battery capac- 
ity fading will be 3.7%, and the circulation performance will be improved. The 
result of X-ray diffraction (XRD) and transmission electron microscopy show 
that the LiMn,Q, lattice shrinks, and a layer of solid electrolyte SEI diaphragm 
is formed on the surface of the positive electrode. AC impedance research indi- 
cates that, after the impedance at the positive electrode increased to 84.64 
(after storage) from 62.69 (before storage), the impedance at the negative elec- 
trode increased to 301 (after storage) from 183.1 (before storage). Infrared 
spectroscopy analysis implies that the electrolyte solvent and electrolyte salt 
both have decomposition to different extents; the capacity fading of manga- 
nese acid lithium batteries after storage is mainly due to electrode polarization, 
Mn dissolution, electrolyte decomposition, negative SEI membrane diaphragm, 
and so on. 

A battery-producing enterprise studied the internal short-circuit failure 
mechanism of their own square battery. They studied the simulated internal 
short-circuit, reaction mechanism of the positive electrode and electrohydrau- 
lics, reaction mechanism of the negative electrode and electrohydraulics, 
reactive thermodynamics and dynamics, reaction path of the internal short- 
circuit, and so on. They concluded that the key factor of battery internal 
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short-circuiting and failure is decomposition and oxygen release of the 
positive electrode Lig;CoO ,, having an oxidation reaction with electrolyte at 
the same time; releasing a large amount of gas, resulting in the increase of 
battery internal pressure; breaking through the battery shell; and, finally, 
leading to battery explosion. However, the heat release of the SEI membrane 
and the decomposition and heat release from initial reaction of the negative 
electrode and electrohydraulics are both heat accumulation effects from 
battery positive electrode reactions. To improve the safety performance of 
battery internal short-circuits, and reduce the odds of battery internal short- 
circuit failure, the following suggestions are proposed: 


1) Improve the assembly environment, prevent dust from entering the pole 
group. 

2) Control the HF content in the battery; control moisture or add an HF stable 
additive. 

3) Reduce lithium precipitation in the circulation, and improve the circulation 
performance of negative electrode materials under high-low temperature. 

4) Optimize the structure design of the pole group, reduce area of the tab 
pressing the negative electrode piece, reduce the pole piece fold, and so on. 

5) Paste protective tape to key aluminum foil positions, control aluminum foil 
burr, and so on. 

6) Improve the thermomechanical strength of the membrane, and coat oxide 
on the surface or conduct thermal pretreatment, and so on. 

7) Stabilize the materials structure of the positive electrode, coat the surface, 
or replace LMO and LFPO. 


Some scholars have researched the factors that influence LIB performance, 
and research shows that the test results of XRD, scanning electron microscoy 
(SEM), internal resistance, and so on on LiCoO,/C lithium-ion batteries 
show that, with the increase of circulation times, LiCoO, cracks, and the 
lithium ions’ inserting ability decreases. The SEI membrane on the negative 
electrode surface thickens, internal resistance increases, and lithium and 
lithium compounds appear at the later stage of circulation. Due to SEI mem- 
brane thickening at the negative electrode and lithium metals generated on 
the surface after circulation, the battery temperature rises to the stage that 
induces a thermal runaway reaction rapidly. After circulation, it is easier to 
trigger a thermal runaway reaction for a high rate large current overcharge. 
After being left at a high temperature for 24 hours, the battery’s electrochem- 
ical property recession is mainly due to the SEI membrane at the negative 
electrode surface changing by interaction modification of lithium interca- 
lated graphite and electrolyte during the high temperature period, especially 
mutation at 80°C. The modified SEI membrane formed above 80°C is thick 
and dense, leading to lithium ion partial or even all blocking, which makes 
lithium at the negative electrode harder to extract in subsequent discharge. 
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The decomposition of electrolyte under such temperature enhances the 
further growth of the SEI membrane, and it intensifies the performance 
recession. 


2.5.5.3 Morphology Analysis of a Battery’s Positive 

and Negative Electrode Surfaces 

Disassemble the retired battery and scrapped battery, respectively; the 
disassembly process is shown in Figure 2.75. When disassembling, pay 
attention to avoid touching the battery’s internal active materials. 


Figure 2.75 Schematic diagram of battery disassembly process. 
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a) (b) 


Figure 2.76 Morphology of positive electrode surface of a (a) retired battery; and 
(b) scrapped battery. 


(a) 
~~ 


Figure 2.77 Morphology of negative electrode surface of a (a) retired battery; and 
(b) scrapped battery. 


From Figure 2.76, it can be seen that the positive electrode surface of the 
retired battery is relatively smooth and flat; the positive active materials on the 
aluminum foil are relatively densely coated. However, for the scrapped battery, 
whose performance faded severely, the active materials on the positive elec- 
trode surface are loose, and the active materials are partially dissolved by 
electrolyte. 

Figure 2.77 is the visual morphology of a negative electrode surface of a 
retired battery (Figure 2.77a) and scrapped battery (Figure 2.77b). From 
Figure 2.77, it can be seen that the visual morphology of the negative electrode 
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surface of the scrapped battery has changed obviously: there are several gray 
spots on the battery negative electrode surface, and the metallic lithium 
precipitated from the negative electrode is depleted in an irreversible form, 
resulting in battery performance fade. 

In order to further survey the battery positive electrode surface morphology 
changes to the retired battery and scrapped battery, conduct test research to 
the battery positive electrode piece surface morphology by SEM, and compare 
it with the new battery positive electrode, to obtain the micro morphology of 
the material surface. Figure 2.78 is an SEM figure of battery positive electrode 
materials, from which it can be seen that, when comparing new battery posi- 
tive electrode materials, the positive electrode material surface morphologies 
of the retired battery and scrapped battery have obvious differences. After 
observation and comparison, this shows that the electrode surfaces of the 
retired battery and scrapped battery have severe pulverization phenomena, 
which reduce the compaction density of battery surface active materials; the 
effective contact area among active material grains of the positive electrode 
decreases; the electric conductivity of electrode active materials and transmis- 
sion performance of lithium ions decrease; and the internal resistance in the 
battery circulation process increases. Moreover, compared with a new battery, 
the conductive agent graphite falloff and dissolution at the positive electrode 
surface of retired and scrapped batteries are severe, decreasing the conductiv- 
ity of active materials. The electron transfer among electrode active material 
particles is more difficult, and battery internal impedance increases. 

Figure 2.79 is an SEM figure of a negative electrode piece surface of a new 
battery, retired battery, and scrapped battery. When compared with the new 
battery, the negative electrode materials surfaces of the retired and scrapped 
batteries change obviously; the negative electrode materials’ carbon micro- 
spheres’ negative electrode material crystal becomes a flake structure from a 
spherical structure, resulting in surface area decreases specific to the negative 
electrode material, and further leading to capacity density decrease. 

In addition, negative electrode material is covered with membranes in differ- 
ent thicknesses on the surface; such a passivation membrane covering the elec- 
trode surface edge and different zones is called the electronic insulating 
membrane or SEI membrane. The SEI membrane has a great influence on the 
battery's cycle performance and service life, and a good SEI membrane shall 
maintain a certain thickness, density, and stability, to stop co-intercalation of 
solvent molecules in the electrolyte, and to protect the stability of battery nega- 
tive electrode materials in the circulation process. In general cases, in the bat- 
tery formation process, the SEI membrane will be generated constantly. From 
Figure 2.79b and 2.79c, it can be seen that the thickness of coating on the sur- 
face of battery negative electrode materials is very uneven. For some zones of 
the material’s surface, the SEI membrane thickness increases; but, for some 
other zones, the negative electrode material particles are exposed to the 
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Figure 2.78 SEM figure of a battery positive electrode piece: (a, b) new battery; (c, d) retired battery; and (e, f) scrapped 
battery. 
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Figure 2.79 SEM figure of a battery negative electrode piece: (a) new battery; (b) retired 
battery; and (c) scrapped battery. 


outside and the SEI membrane is unable to cover the surface completely, pre- 
senting a porous structure. This indicates that the SEI membrane originally 
formed on the negative electrode surface of retired and scrapped batteries is 
damaged, and it is generated by re-deposit. These SEI membranes’ re-deposit 
process makes electrolyte and electrode contact multiple times, a reduction 
reaction takes place constantly, and new gas keeps being generated. 

In the end, the co-insertion of the electrolyte solvent molecule leads to car- 
bon cathode material fracture and direct peel-off; the carbon materials’ inter- 
nal electrolyte is reduced relatively and gas accumulates, resulting in rapid 
degradation of the battery electrode directly. The constant growth and thick- 
ening of the SEI membrane at the partial electrode zone will also lead to lith- 
ium-ion extraction and insertion difficulty; battery impedance increase, which 
can easily cause severe fade; and sharp battery performance deterioration. 

In conclusion, the morphology change of negative electrode materials will 
cause damage and reforming of the SEI membrane, leading to impedance 
increase and performance decrease. 
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Figure 2.80 XRD figure of positive electrode materials: (a) new materials; (b) retired battery; 
and (c) scrapped battery. 


2.5.5.4 XRD Test of Positive Electrode Materials 

To further investigate whether the positive active materials’ crystal structure of 
scrapped batteries with performance fade has changed, conduct an XRD analy- 
sis to battery positive active materials. As shown in Figure 2.80, compared with 
new materials, the XRD spectroscopy of positive electrode materials of retired 
and scrapped batteries has no obvious change, and it is highly consistent with 
the standard spectroscopy (PDF No. 40-1499) of the lithium-ion ferrous phos- 
phate positive electrode material LiFePO,, with a few other impurity peaks. 
This means the reason why scrapped battery performance fades is not because 
the battery positive active materials’ crystal structure changes, excluding the 
possibility of battery failure due to positive electrode materials’ crystal struc- 
ture collapse. To ensure the authenticity and reliability of tested data, conduct 
an XRD analysis to these battery positive electrode materials by disassembling 
a large amount of retired and scrapped batteries, and the conclusions obtained 
are consistent with the above-mentioned analysis. 


2.5.5.5 Gas Composition Analysis of Bulging Batteries 

Extract gas of scrapped power LIBs by needle tubing, and analyze the com- 
position of the gas generated from scrapped batteries by virtue of gas chro- 
matograph, to judge gas composition types of scrapped batteries. For gas 
chromatography analysis of bulging batteries, and qualitative and quantitative 
analysis results of gas generated from batteries, see Figure 2.81 and Table 2.19, 
respectively. 
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Figure 2.81 Qualitative analysis of a bulging battery’s internal gas composition. 


Table 2.19 Bulging battery internal gas composition. 


Signal 


N N NY N NY FP FP e e eB 


Retention 
time 
[min] 
0.805 
1.080 
1.472 
2.055 
3.280 
0.959 
1.139 
1.291 
2.900 
3.250 


Type 


BP 
PP 
PB 
BB 


BB 


BB 


Area 
[pV*s] 


4544.06326 
3402.70920 
1.1760e + 004 
8067.65726 


5688.73015 


347.08550 


Content/area 


1.47586e-004 
1.45371e-003 
1.74348e-003 
7.89923e-004 


9.75998e-003 


2.81417e-003 


Content 
[volume %] 


0.67064 
4.94656 
20.50372 
6.37282 


55.52187 


0.97676 


Name 


H2 
O2 
N2 
CH, 
co 
CO, 
C2H, 
C2H,¢ 
C3H6 
C3H;s 
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As gas chromatography shows, the main components of gas from scrapped 
batteries are H), CHy, CO, and CO , which will be generated in the process of 
the LIB formation stage, namely the SEI membrane-forming process from the 
reaction between the electrolyte and active materials on the battery electrode 
surface. In the experiment, the gas composition analysis and test result of the 
scrapped battery further verify the complex process, that SEI membrane on the 
electrode surface of scrapped LIB experienced damage and regeneration; 
therefore, this type of gas composition is generated. 

The SEM result shows that: 


1) The positive electrode surface pulverization of retired and scrapped 
batteries is severe, decreasing the material compaction density and effective 
contact area, and making the electric conductivity of electrode active 
materials and lithium-ion transmission performance decrease and the 
internal resistance increase. 

2) The negative electrode materials’ carbon microspheres’ negative electrode 
material crystal becomes a flake structure from a spherical structure, result- 
ing in specific surface area decrease and capacity density decrease. The thick- 
ness of the SEI is uneven, and it does not cover the negative electrode surface 
completely, which means that the SEI has experienced a process of damage, 
regeneration, and so on, which is also the main reason for battery bulging. 

3) The XRD spectroscopy of positive electrode materials of retired and scrapped 
batteries has no obvious change, and it is highly consistent with the standard 
spectroscopy (PDF No. 40-1499) of the lithium-ion ferrous phosphate positive 
electrode material LiFePO,, with few other impurity peaks. This means the 
reason why scrapped battery performance fades is not that the battery positive 
active materials’ crystal structure changes, excluding the possibility of battery 
failure due to positive electrode materials’ crystal structure collapse. 

4) However, reasons why power LIB performance fades mainly include: bat- 
tery electrode active materials and conductive agent falloff, active materials 
morphology and particles size change, and damage and regeneration of the 
SEI membrane on the negative electrode active materials surface. These 
changes to internal structural physical and chemical properties lead to bat- 
tery internal resistance increase, electrode reaction polarization aggrava- 
tion, electric conductivity decrease, and so on, consequently resulting in 
performance attenuation. 

5) The core factor of battery fade is irreversible degradation occurrence of 
physical and chemical properties of battery components. 


To sum up, in the process of retired battery reuse, the retired battery charge- 
discharge strategy and scientific battery management mode shall be specifi- 
cally formulated based on particular requirements of the target application 
occasion, avoiding retired battery performance attenuation due to misuse or 
improper maintenance. 
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2.5.6 Performance-Fading Characteristics Research on Reuse Processes 
of Polyolefin Power Battery Membranes 


In a LIB system, the separator is pressed between the two electrodes and filled 
with electrolyte, and is in contact with all of the active cell components. The 
separator plays an essential role in preventing electronic contact between elec- 
trodes and retaining liquid electrolyte in cells [40-42]. An aged separator will 
limit diffusion and recombination rates of ions. The cell capacity, cell power, 
and available energy will thus decrease dramatically. Due to the chemical sta- 
bility, controllable thickness, and good mechanical strength, microporous 
polyolefin membranes were usually used as separators for most LIBs. To obtain 
high battery performance, the porosity and tortuosity are often the optimized 
factors [43-46]. And the degradation of the separators is responsible for bat- 
tery failure and power loss. In this regard, many publications have reported on 
valve-regulated lead acid (VRLA) [47-52], bipolar lead acid [53], nickel-metal 
hydride [54-56], iron—chromium [57,58], nickel-cadmium [59], and silver- 
zinc [60] cells. The degradation is usually caused by erosion of electrolyte, 
dendrite growth of separator pores, high-temperature processing, and cycling. 

In the literature, only a few reports addressed the properties of polyolefin 
separators for retired and spent LIBs. Besides, the reliability during long-term 
use has not been investigated via diagnostic characterization. Laura Norin 
et al. studied the degradation of polypropylene separators in high-power LIBs 
[61]. Their results indicate that the swelling of separator fibers partially blocks 
the pores for ions to traverse, and hence reduces the ionic conductivity of the 
separator. Another study [62] reports the source and nature of polymer separa- 
tor degradation in high-power LIBs. They attributed the observed porosity loss 
to a deposit precipitated onto the separator surface from the electrolyte and 
clogged separator pores. The deposit resulted from a homogeneous decompo- 
sition process of the LiPF6é-EC-EMC electrolyte, which was significantly 
accelerated at elevated temperatures. Craig B. Arnold et al. [63] reported the 
role of mechanically induced separator creep in LIB capacity fade. The separa- 
tor deformation is in response to mechanical stimuli that arise under normal 
operation and storage conditions, such as external stresses on the battery stack 
or electrode expansion associated with lithium insertion or deinsertion. The 
deformation increased internal resistance and significant capacity fade. They 
found that this mechanically induced capacity fade was a result of viscoelastic 
creep in the electrochemically inactive separator, which reduces ion transport 
via a pore closure mechanism. Other studies [64—66] showing that porosity is 
a determining factor in membrane ionic conductivity, however, are short of 
reports for what might cause its changes. 

To date, detailed studies for aging behavior of membrane separators from 
retired or spent LIBs for EVs are still missing. Herein, it is necessary to investi- 
gate the mechanical, physical, and chemical degradation of polyolefin separa- 
tors characterized as polypropylene—polyethylene—polypropylene (PP/PE/PP) 
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trilayer membranes in high-power LIBs. Three samples of Celgard 2340 PP/ 
PE/PP separators were studied and compared, including a fresh material, a 
membrane from a retired EV battery, and a membrane from a spent EV battery. 
The mechanical properties of those three samples are characterized by thick- 
ness, Gurley value, puncture strength, tensile strength, and thermal shrinkage 
strength in the machine direction (MD) and the transverse direction (TD). 
And the physical and chemical properties of the membranes were measured by 
differential scanning calorimetry (DSC), gel permeation chromatography 
(GPC), XRD, Fourier transform infrared (FTIR), atomic force microscopy 
(AFM), and SEM. Compared to the fresh membrane separator, separator 
membranes from retired and spent LIBs show lower mechanical strength. The 
degradation of polyolefin and the deposits precipitating onto the membrane 
surface, as is also proved by physical and chemical property and performance 
results, should be responsible for the mechanical loss. 


2.5.6.1 Experimental Method 

2.5.6.1.1 Materials 

The fresh Celgard membrane separator 2340 with a thickness of about 38mm 
was bought from Celgard China. The aged 2340 membrane separators were 
obtained from retired or spent EV batteries. All separator membranes were 
soaked in DMC for 30 minutes in an argon-filled glove box. This operation is 
to eliminate the residual electrolyte salt from the separator (verified with infra- 
red spectroscopy) and prevent the reaction with air and moisture. After being 
taken out from the glove box, to remove dust or other contaminants, the sam- 
ples were rinsed with ethyl methyl carbonate (EMC) prior to analysis. 


2.5.6.1.2 Characterization 

A digital micrometer (TECLOCK PC-467, Japan) was used to measure the 
thickness of the composite polymer electrolyte membranes with the ASTM 
D5947-96 or ASTM D2103 standard test method. Separator permeability is 
characterized by air permeability using the commercial air permeability instru- 
ment (Gurley 4110, USA) with the standard test method described in ASTM- 
D726 (B). Air permeability is expressed by a term, the Gurley number, which is 
defined as the time required for a specific amount of air to pass through a 
specific area of separator under specific pressure. Mechanical strength is 
evaluated in terms of tensile strength along the MD and TD (ASTM D-638), 
and the puncture strength (ASTM D-822). All these parameters are described 
by Young’s modulus. A shrinkage test is carried out on both the MD and TD 
directions; in this test, the dimensions of separators are measured and then 
stored at 90°C for 1 hour. The shrinkage is then calculated from the change in 
dimensions, as shown in Equation (2.8): 


L,-L 
shrinkage (%) = a x 100% (2.8) 


L 
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where L; is the initial length and L; is the final length of the separator after 
high-temperature storage. 

The thermal property of the samples was measured by DSC in the tempera- 
ture range of 50-200°C at a heating rate of 10°C/min using TA DSC 2920. The 
average molecular weight, including weight average molecular weight (Mw), 
number average molecular weight (Mn), and molecular weight distribution 
(Mw/Mn) of the polyolefin, were determined by GPC using a Waters Alliance 
GPC 2000 instrument equipped with a refractive index (RI) detector and a set 
of u-Styragel HT columns of 106, 105, 104, and 103 pore size in series. The 
measurement was performed at 150°C with 1,2,4-trichlorobenzene as the elu- 
ent with a flow rate of 1.0mL/min. A narrow molecular-weight PS sample was 
used as standards for calibration. The XRD measurements of membranes were 
conducted on a Rigakud/max-2500 XRD detector with Cu Ko radiation of 
wavelength 4=1.54A. The XRD pattern was recorded in the angle range of 
20 = 10 - 30° in step 0.04°/3 s. FTIR spectra were performed on a Nicolet Nexus 
470 spectrometer in the range of 400-4000cm" with a resolution of 4cm™ 
and over 100 scans. Samples were thoroughly grounded at liquid nitrogen 
temperature and mixed with KBr to prepare discs by compression. AFM 
measurement of the surface morphology of samples was conducted on a 
Nanoscope III (DI, USA) in contacting mode. The size and morphology of 
samples were examined with a Hitachi S-4800 SEM. 


2.5.6.2 Results and Discussion 
2.5.6.2.1 Mechanical Properties 
From the viewpoint of battery reusing, it is necessary to characterize separator 
materials in terms of their mechanical properties. The reasons are as follows, 
in detail: (1) a thin thickness is required for the high energy and power 
densities. However, it adversely affects the mechanical strength and safety. In 
the current technology, ~40 um seems to be the standard thickness for EV 
rechargeable batteries. In addition, the uniform thickness is critical for cycle 
life of the batteries. (2) The separator with uniform permeability is essential for 
cycle life of the battery. Variations in permeability will result in uneven current 
density distribution, which has been verified to be the main reason for the 
formation of dendrite lithium on the negative electrode. (3) The separator 
must be mechanically strong, especially in MD, enough to withstand the ten- 
sion for winding operation during the battery assembly. The separator should 
also have high puncture strength to withstand the penetration of electrode 
material. This is because, if particular materials from the electrodes pass 
through the separator, it leads to electrical short-circuit and the battery will 
fail. (4) The thermal shrinkage should be minimized. For LIBs, the shrinkage 
is required to be not more than 5% after 60 minutes at 90°C. 

Therefore, the key characteristic factors of mechanical properties for mem- 
brane separators, including thickness, Gurley value, tensile strength and 
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Table 2.20 Mechanical properties of polyolefin membrane separators for samples 
from fresh material, from a retired LIB, and from a spent LIB, respectively. 


Fresh Sample from Sample from 

Basic property membrane retired LIB spent LIB 
Thickness (um) 38 40 40 

Gurley (s/100 cm?) 853 785 733 

TD strength (MPa) 10.06 9.68 7.74 

MD strength (MPa) 169.87 143.23 139.48 
Puncture strength (N) 6.25 5.31 5.15 

TD shrinkage (%) -0.03 -0.02 -0.06 

MD shrinkage (%) 0.97 1.5 3.95 


thermal shrinkage strength in MD and TD, and puncture strength, as associ- 
ated with the safety and performance of a battery’s second life, are investigated 
clearly. Next is to establish a correlation of these properties with their perfor- 
mance in batteries. The stress-strain testing results for various types of poly- 
mer membranes were summarized in Table 2.20. The results showed that the 
values of Gurley, TD strength, MD strength, and puncture strength for three 
membranes experience a significant decrease in the order of: fresh mem- 
brane > membrane from retired LIB > membrane from spent LIB. Oppositely, 
the MD shrinkage value is increasing sharply in the order of: fresh mem- 
brane < membrane from retired LIB<membrane from spent LIB; the TD 
shrinkage is keeping at nearly the same level. As shown in Table 2.20, the thick- 
ness of the fresh separator is increased slightly from 38 nm to 40 nm for those 
of retired LIBs and spent LIBs, which may be attributed to the swollen property 
for those two membranes. All of the experimental results discussed here dem- 
onstrate that the polymer membrane separators for retired and spent LIBs 
have lower mechanical strength but at a qualified level. For retired LIBs, the 
poor mechanical properties are detrimental to batteries’ reusing processes due 
to their potential effects to lower the performance and safety of retired LIBs. 


2.5.6.2.2 Thermal Stability 

Generally, separators with melt integrity greater than 150°C are desirable for 
LIBs. The trilayer PP/PE/PP separators with PP layers help to maintain the 
melt integrity of the separators at higher temperatures compared to single- 
layer PE separators. And the trilayer separator, which combines the low-tem- 
perature shutdown property of PE with the high-temperature melt integrity of 
PP, is especially important for bigger LIBs being developed for hybrid and EVs. 
The Celgard trilayer PP/PE/PP separator material, for example, functions as 
such an inherent safety device due to the difference in the PE and PP melting 
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Figure 2.82 DSC curves of a Celgard membrane separator from fresh material, a retired LIB, 
and a spent LIB. 


points (~130-140°C and ~165°C, respectively). The inner PE layer is capable 
of melting and filling the pores to inhibit ionic conduction at a temperature 
lower that that associated with an uncontrollable thermal runaway, while the 
outer PP layers continue to provide mechanical strength up to its melting 
temperature. 

The shutdown temperature of the separator is governed by the melting point 
of the separator material. At the melting point, the pores in the separator col- 
lapse to form a relatively nonporous film between the anode and the cathode. 
DSC can be used to identify PP and PE by their different melting temperatures. 
The results of the DSC tests for a fresh membrane separator, membrane 
separator from a retired LIB, and membrane separator from a spent LIB, 
respectively, are given in Figure 2.82. The fresh membrane separator demon- 
strates two sharp endothermic peaks at 132.7°C and 159.5°C, which are the 
typical melting temperatures of PE and PP, respectively. As shown in Figure 2.82, 
though experiencing a period of a using or abusing process, the DSC plots of 
membrane separators from retired LIBs and spent LIBs still show the typical 
melting temperatures of the PE and PP component layers with melting tem- 
peratures 135.2°C/160.5°C and 135.6°C/160.9°C, respectively, except for a 
slight deformation [67]. It means that those two membrane separators undergo 
abuse at high temperature and degrade slightly to some extent, following with 
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the capacity loss of the LIB. However, the thermal stability property for the 
trilayer PP/PE/PP separator kept well, and which is beneficial to the reusing 
process. 


2.5.6.2.3 Average Molecular Weight (Mw and Mn) and Distribution (Mw/Mn) 

The exposure of polymeric materials to environmental factors over a period of 
time will lead to deterioration of physical, chemical, thermal, and electrical 
properties. The degradation occurs due to changes accompanying the main 
backbone or side groups of the polymer. And degradation is a chemical process 
that affects not only the chemical composition of the polymer but also the 
physical parameters such as color of the polymer, chain conformation, molecu- 
lar weight, molecular weight distribution, crystallinity, chain flexibility, cross- 
linking, and branching. The degradation process is initiated at the terminal 
units with subsequent depolymerization. The degree or measurability of dete- 
rioration of these properties depends on the extent of degradation and on the 
nature of chemical processes involved during the degradation. 

Average molecular weight, including Mw and Mn, is a direct measure of a 
chain scissions process resulting in lower chain length of molecules due to the 
degradation of polymer materials. More importantly, they are also significant 
parameters to reflect the mechanical and thermal properties of polyolefin 
materials. Generally, high Mw and low Mw/Mn are necessary for good 
mechanical strength and a narrow melting temperature range. The Mw, Mn, 
and Mw/Mn of PE and PP, removed from trilayer membrane separators for 
fresh membrane, membrane from retired LIBs, and that from spent LIBs, 
respectively, were characterized and compared using GPC to evaluate the deg- 
radation extent of the polymer membrane. 

In the experiments, trilayer membranes were first soaked in DMC for 30 
minutes, and then separated into three single layers. All Mw, Mn, and Mw/Mn 
values for the different samples are summarized in Table 2.21. As shown in 
Table 2.21, Mw values of PP neighboring the cathode or anode of membrane 
from a retired LIB and a spent LIB keep nearly the same value as that of a fresh 
membrane. In a comparison of Mn for three PP membranes neighboring the 
cathode or anode from those three separators, obviously, a significant value 
increment of Mn exists in PP removed from the spent LIB. For interlayer PE, 
both the Mw and Mn decrease significantly compared with that of fresh sepa- 
rator. The Mw of PE decreases by 35% for membrane from a retired LIB, 
whereas that from a spent LIB decreases by 38%. The deduction of Mn for PE 
from retired and spent LIBs is 38% and 61%, respectively, which may be a sig- 
nature of partial depolymerization for PE. All the GPC results in this section 
suggest that degradation of interlayer PE membrane is seriously higher than 
that of PP membrane, and both PE and PP polymer matrixes undergo chain 
scissions and end up with low-molecular-weight species. 
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Table 2.21 Mw, Mn, and M,//M, for PP and PE single layers from fresh membrane, a retired 
LIB, and a spent LIB. 


My Mn My/Mn 

PP from fresh membrane 386244 78320 4.93 
PP neighboring a cathode from membrane 379117 73840 5.13 
of a retired LIB 

PP neighboring a cathode from membrane 382156 43126 8.86 
of a spent LIB 

PP from fresh membrane 386244 78320 4.93 
PP neighboring an anode from membrane 389589 78201 4.98 
of a retired LIB 

PP neighboring an anode from membrane 384870 63349 6.08 
of a spent LIB 

Interlayer PE from fresh membrane 250196 31000 8.07 
Interlayer PE from membrane of a retired LIB 162750 19230 8.46 
Interlayer PE from membrane of a spent LIB 156001 12160 12.83 
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—— PE from spent LIB 


dw/dlogM 
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Figure 2.83 The molecular weight distribution curves of interlayer PE membranes. 
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To further investigate the degradation property of PE, the molecular weight 
distribution curves of interlayer PE membranes from three samples are 
characterized in Figure 2.83. It can be seen clearly that the molecular weight 
distribution curves for PE have shifted toward the low-molecular-weight scale 
in the order of: fresh membrane >membrane from retired LIB>membrane 
from spent LIB. It is confirmed that chain scissions have taken place domi- 
nantly and generated shorter chain PE as dissolved in solvent during a viscosity 
average-molecular-weight test. And the molecular weight of PE from retired 
and spent LIBs decreased significantly during the using and cycling process. 


2.5.6.2.4 Crystalline Nature 

The XRD measurements were employed to examine the crystalline nature of 
the PP/PE/PP composite polymer membranes from fresh material, a retired 
LIB, and a spent LIB, respectively, and the diffraction spectra are shown in 
Figure 2.84. It is observed that there are five dominated crystalline peaks for 
those of three PP/PE/PP semicrystalline polymer membranes displaying both 
sets of peaks for PE and PP due to their multilayered laminate design (PP/PE/ 
PP). For the fresh separator, the first three peaks at a 20 angle of 14.3°, 17.2°, 
and 18.8° were from the polypropylene crystalline structure, and the other two 
peaks at 21.8° and 24.2° were from polyethylene [68,69]. There are no signifi- 
cant bulk structural changes between the fresh membrane and that from 
retired or spent LIB, which means that the Bragg diffraction angles for 
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Figure 2.84 XRD spectra for a fresh membrane separator, membrane separator from a 
retired LIB, and membrane separator from a spent LIB. 
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membrane from retired and spent LIBs correspond with that of the fresh sepa- 
rator except for a slight shifting toward higher diffraction angles. 

However, the intensity of the crystalline peaks for polymer membranes is 
different, with the order of: fresh membrane>membrane from retired 
LIB ~ membrane from spent LIB. We can see intuitively that there is obviously 
intensity reduction of the crystalline peaks for the membranes from retired 
and spent LIBs, which implies that the crystalline regions within those mem- 
branes are partially destroyed and much more amorphous. 


2.5.6.2.5 Morphological Properties 

Considering the morphology changes of a membrane separator may result in a 
nonuniform current distribution across the cell and consequent accelerated 
electrode degradation at high-current locations. It is essential to reveal the 
surface properties of the membrane separator from retired or spent LIBs and 
their potential effects on the LIBs’ performance. Therefore, AFM and SEM 
measurements were performed to investigate the morphology properties of 
those polymer membranes for fresh material, retired LIBs, and spent LIBs, 
respectively, to see if membrane morphology, specifically pore size and poros- 
ity, can affect the battery-reusing process. Figure 2.85 shows three AFM topog- 
raphy images of fresh membrane, membrane from a retired LIB, and membrane 
from a spent LIB. AFM images of the membrane separators reveal dramatic 
changes in the membrane surface morphology. As shown in Figure 2.85, the 
surface structure for a fresh Clegard 2340 trilayer separator (Figure 2.85a) 
demonstrates a uniform configuration of perpendicular fibers delineating 
pores. AFM images of separators taken from a retired LIB (Figure 2.85b) anda 
spent LIB (Figure 2.85c) reveal a continuous change, for which the regular net- 
work of polypropylene fibers that constitute the fresh membrane become swol- 
len and disrupted by deep cracks and grain imprints. And this is particularly 
visible in the membranes removed from spent LIBs with swelling. We believe 
that the deposition of a residue from the decomposition process of the LiPF6- 
EC-EMC-DEC electrolyte or composites of a SEI layer (also proved by FTIR 
mapping, as discussed further in this chapter), and the degradation of separa- 
tor itself (see from GPC results) under abuse conditions, both contribute to the 
increased fiber thickness and their swollen appearance. 

Figures 2.86 shows SEM images of fresh membrane, membrane from a 
retired LIB, and membrane from a spent LIB, respectively. SEM images of the 
aged separators (membrane from a retired LIB and from a spent LIB) confirm 
our AFM data and display substantial changes in the separator morphology. 
The fresh membrane separator has highly porous structures with uniform pore 
sizes of approximately 200nm and shows a typical morphology of dry process 
separator membranes. With these images demonstrating membranes from 
retired or spent LIBs, we can see intuitively that there is a noticeable decre- 
ment in the number of pores as smaller pores close and larger pores shrink. 
Otherwise, a large amount of thin particle deposit was precipitated onto the 
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Figure 2.85 AFM (2x2 um) topography (a-c) for polyolefin membrane separators: (a) fresh membrane; (b) membrane 
from a retired LIB; and (c) membrane from a spent and swollen LIB. 
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Figure 2.86 SEM images of separators from (a) fresh membrane; (b) a retired LIB; and (c) a 
spent LIB. 


whole separator surface in a nonuniform distribution; this is particularly visible 
in the membrane removed from the spent LIB. The potential effects of the 
morphology changes on the performance of battery reuse are as follows: 
(1) loss of porosity and uniformity that was observed with SEM could be 
directly responsible for the impedance increase by reducing the amount of 
electrolyte trapped within the separator and/or decreasing the size of pores 
and channels, both of which can lead to significant impediment of LIB 
transport. (2) Membrane swelling could increase mechanical stress in the cell, 
which may degrade electrode integrity. (3) The compounds covering the 
fibers significantly reduce both the size of the pores and the homogeneity of 
the separator, thereby increasing the mean path length of the ions, and 
consequently increasing the potential drop across the separator. 

We think that both the partial degradation of polymer itself and the nonuni- 
form distribution of deposits on the surface of polymer membranes contribute 
to the separator strain and deformation, by leading to pore closure that limits 
the ability of lithium ions to move across the barrier. The experiment results 
are confirmed by the GPC and FTIR analysis results. 
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Figure 2.87 FTIR spectra of a membrane separator from fresh material, a retired LIB, and a 
spent LIB. 


2.5.6.2.6 FTIR Analysis 

For investigating the characteristic absorption bands of PE and PP for the 
membrane separators, the PP/PE/PP blends, and single PE and PP layers strip- 
ping from PP/PE/PP trilayer membranes for fresh membrane, as from retired 
LIBs or spent LIBs, were studied and compared by FTIR measurements. We 
can see intuitively in Figure 2.87 that the FTIR spectrogram indicates the pres- 
ence of PE and PP as the main components of the light fraction for all three 
membranes. To discriminate between PE and PP, the 3000-2750 cm™ spectral 
region has been first taken into consideration; PE presents two absorption 
bands assigned to- CH2- asymmetric and symmetric stretching vibration, 
while PP presents four superimposed absorption bands corresponding to 
asymmetric and symmetric stretching vibrations of methylene and methyl 
groups. Different features have been also observed in the 1470-1350cm ! 
domain, where absorption bands correspond to scissoring vibration of the 
methylene group (1468cm™ in both PE and PP spectra) and to symmetric 
deformation of the methylene group (1377cm™' in only PP spectra). 
Supplementary for PE, a doublet with maxima at 730 and 720cm™ corresponding 
to bending and rocking vibrations of the crystalline and amorphous methylene 
group is encountered [70-72]. The absorption peaks corresponding to wave 
numbers 2970, 2870, 1460, and 1376cm™ were characteristic of- CH3 
and - CH2- groups in the FTIR spectrum of PP. 


Assessment Technology Platform 


140 


120 


100 


Transmittance (%) 


4000 3500 3000 2500 2000 1500 1000 
Wavenumber (cm7!) 


Figure 2.88 FTIR spectra of PP: (a) fresh membrane separator; (b) neighboring the cathode 
from a retired LIB; and (c) neighboring the cathode from a spent LIB. 


For further identifying difference and changes for the bonds and functional 
groups present in the polymer, all trilayer polymer blend membranes from fresh 
material, retired LIBs, and spent LIBs were separated into three basic compo- 
nents as PP neighboring to cathode, PP neighboring to anode, and PE interlayer, 
respectively. Figure 2.88 shows the FTIR spectra of PP membranes neighboring 
the cathode materials for three membranes. As shown in Figure 2.88, all spectra 
present the characteristics of PP with no obvious changes. The PP membranes 
neighboring the anode materials from three membranes are shown in 
Figure 2.89, and the changes are mainly in the appearance of the absorption 
band at 1732cm™ and 1772cm’", attributed to the acid carbonyl group and 
esterolytic carbonyl group, respectively. The carbonyl group signal for PP mem- 
branes neighboring the anode symbolizes the appearance of the deposits on the 
separator surface, which may be originating from reactant of anode with elec- 
trolyte as the SEI or the decomposition process of LiPF6-EC-EMC-DEC elec- 
trolyte. Combining with the FTIR spectra shown in Figure 2.88, the composites 
of SEI are a dominant factor for the deposits appearing on the surface of PP 
neighboring the anode. Figure 2.90 presents the interlayer PE membranes’ 
absorption spectra in detail, and the 855cm absorption band appears in the 
membranes of retired LIBs and spent LIBs, respectively, which is attributed to 
the CO; bend from deposition of SEI components [73]. It is clearly that the 
deposition on the surface of PE enters the interlayer through the separator 
pores, which were partially blocked by the deposition at the same time. 
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Figure 2.89 FTIR spectra of PP: (a) fresh membrane separator; (b) neighboring the anode 
from a retired LIB; and (c) neighboring the anode from a spent LIB. 
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Figure 2.90 FTIR spectra of a PE interlayer from (a) fresh membrane separator; (b) a retired 
LIB; and (c) a spent LIB. 
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From the FTIR measurements given here, we can conclude that there are 
some deposits distributed on the surface of polymer membranes, and those 
deposits may be from composites of the SEI layer or the decomposition pro- 
cess of the LiPF6-EC-EMC-DEC electrolyte. The experimental results are fur- 
ther confirmed by the SEM results, as shown in this chapter. 


2.5.6.3 Conclusions 

It is commonly believed that the causes of capacity fade and decreased power 
output in LIBs are primarily chemical in nature; for the purpose of effectively 
processing power LIBs for reusing, what happened for the Celgard trilayer PP/ 
PE/PP membrane separator and its role in this aging behavior are studied clearly 
in detail in the literature. Detailed measuring and evaluating mechanical prop- 
erty results indicate that the mechanical strength experiences a continuous 
weakening tendency, which may be detrimental for the next reusage process. 
And though experiencing a period of using and cycling on EVs, the polyolefin 
membrane separators express considerable thermal stability even for those spent 
LIBs as defined by DSC measurement. Partial degradation and depolymerization 
for polyolefin membranes themselves, accompanying the main backbone or side 
groups of a polyolefin chain scissions process, are proved by the GPC and XRD 
measurements. AFM and SEM images of polyolefin membranes show the sepa- 
rator surface partially covered by the nonuniform distribution of deposits clog- 
ging the pores themselves. FTIR curves reveal that the deposits’ distribution on 
the surface of polymer membranes, and according to the functional group 
absorption bands, may be from composites of the SEI layer (being the dominant 
impact factor shown in Figure 2.88) or the decomposition process of the LiPF6- 
EC-EMC-DEC electrolyte. And the degradation of polymer itself and the depos- 
its precipitated onto the separator surface dominated the mechanical, physical, 
and chemical degradation properties of polyolefin separators. 

In a word, on one hand, degradation of the polyolefin membrane separator 
itself and the deposits on the surface of the separator is a very significant signa- 
ture for future polyolefin separator modification and optimization. On the 
other hand, relevant ideal mechanical, thermal, and physical stability and 
properties for separators are beneficial for the next reusage process in a mod- 
erate operating environment. 


2.6 Basis and Technical Requirements for Retired 
Battery Repacking 


Compared with a single battery used for consumer electronics or a battery 
module formed by a small amount of single batteries in series connection, the 
size of battery modules used for EVs or storage is much larger. To achieve a 
certain working voltage, a certain amount of single batteries are required to be 
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used in series connection. To ensure sufficient travel mileage or storage capac- 
ity, a number of battery modules in series connection shall be used in parallel 
connection, to constitute a battery module in the end, and the specific amount 
for series and parallel connections shall be determined based on the target 
application occasion. Therefore, how to guarantee the use performance of bat- 
tery modules after they are formed by single batteries becomes one of the most 
important and crucial technologies for EVs and storage systems. Since single 
cells have inherent differences during the production process, such differences 
could only be shrunk as far as possible through high-efficiency production 
management and a quality inspection system, but not eliminated completely. 
Under the premise of such inherent differences of single batteries, how to make 
the battery module combination use each single cell’s performance and power 
at maximum efficiency is worth studying. 


2.6.1 Techniques for Power Battery Repacking 


At present, the main research techniques for power battery repacking include 
single-parameter repacking, multiparameter repacking, and dynamic charac- 
teristic (curve) repacking techniques, with respective advantages and 
disadvantages. 


2.6.1.1 Single-Parameter Repacking Technique 

This technique involves repacking with an external parameter of a power bat- 
tery, mainly including voltage repacking, internal resistance matching, and 
static capacity repacking techniques. 


2.6.1.1.1 Voltage Repacking Technique 

This technique specifically includes no-load voltage repacking and dynamic 
voltage repacking techniques. The no-load repacking technique is the simplest 
but is not accurate. The dynamic voltage repacking technique is also simple, 
only considering the voltage with load but not considering the load time, 
change, and so on; therefore, it has some defects as well. 


2.6.1.1.2 Internal Resistance Repacking Technique 

As a significant battery parameter for internal resistance, the majority of aged 
batteries become useless and get scrapped because of excessive internal resist- 
ance. The internal resistance can reflect to some extent the battery perfor- 
mance. As this technique is obtained under 1kHz of frequency, it has no 
matching degree for batteries under all charge—discharge conditions. 

Along with the AC internal resistance repacking technique, the multipoint 
spectrum technique has been put forward based on the internal battery com- 
position changes that can be accurately reflected by EIS, to obtain more 
dynamics and electrode interface structure information. It selects a specific 
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spectrum to test battery impedance, simulates the impedance spectrum curve 
with the test results, and performs an on-site test. The test results show that 
the multipoint spectrum technique can increase the battery sorting precision 
and has solved defects such as the time-consuming EIS, difficult sorting, and 
failure to be applied in actual production. However, the differences in this 
technique’s effectiveness in different batteries remains to be further studied. 


2.6.1.1.3 Static Capacity Repacking Technique 

This technique charges and discharges the battery at a certain rate of current; 
classifying the batteries is based on capacity, which is calculated by discharge 
current and time. This simple and easy technique is applied at present by most 
battery manufacturers in China in battery repacking. This technique only indi- 
cates, however, that the capacity is the same under the set charge and discharge 
conditions, but it does not reflect the operating characteristics of the battery 
that will decrease the battery module life or reduce capacity, and whole perfor- 
mance as the main damage reason for a battery module in a short time. As a 
whole, the single-parameter repacking technique is not applicable to the repack 
of power battery of EV due to less considering factors and more defects in the 
actual application. 


2.6.1.2 Multiparameter Repacking Technique 
An assessment for the overall performance of lithium-ion power batteries is 
carried out using a multiparameter repacking technique through capacity, dif- 
ferential pressure, voltage platform, self-discharge rate and inter-resistance, 
and other external parameters. The many external characteristic values being 
selected can, to some extent, reflect the differences of actual characteristic 
values inside the battery and sort the battery module with good consistency. 
Considering more repacking parameters, the multiparameter repacking 
technique can recognize, to some extent, the real difference inside the single 
battery; it has an obvious advantage compared to the single-parameter repack- 
ing technique, which is used by most battery manufacturers. However, the 
majority of parameters selected are the external parameters when the battery 
is ina stable state, such as stable voltage upon discharge, and this technique has 
not analyzed parameter (voltage) variation under the working conditions of a 
single battery; in other words, it fails to reflect the variation trend of battery 
characteristics (including charge—discharge capacity, internal resistance, 
surface temperature rise, charge—discharge platform, degree of electrode 
polarization, etc.) during the single battery’s charge and discharge. The single 
battery’s performance will trend to be close only with consistency of 
single-battery characteristic variation trends (i.e., the similarity of the charge— 
discharge curve). Therefore, the multiparameter repacking technique has a 
principle defect due to failing to fully reflect the real difference between 
power batteries. 
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2.6.1.3 Dynamic Characteristic (Curve) Repacking Technique 

In this technique, a battery’s characteristics are reflected with the variation of 
its terminal voltage during charge and discharge. Indirectly, the variation of 
battery terminal voltage embodies the time-varying rules of battery charge- 
discharge capacity, internal resistance, surface temperature rise, charge— 
discharge platform, degree of electrode polarization, battery appearing time, 
life, and other indicators. Therefore, the batteries with consistent charge- 
discharge voltage characteristics have a good consistency in electrochemical 
characteristics. The principle of dynamic characteristic repacking is to simu- 
late the actual application of the battery module and set certain test environ- 
ments and conditions for the purpose of uniformly and equally adding to all 
single batteries. Through a similarity analysis and comparison of the charge— 
discharge curve obtained, repack the single batteries with close characteristics 
(materially, a close charge—discharge curve) to make the single batteries’ per- 
formances closest for the purpose of increasing their performance and life with 
full expression of all single batteries’ performances. 

In general, the dynamic characteristic (curve) repacking technique regards 
the single-battery voltage curve under the same charge—discharge system as 
the main source of battery repacking indicators. It calculates the distance 
between corresponding characteristic points or relevant coefficients through 
the selection of curve characteristic points, and battery repacking is to be per- 
formed by regarding these distances or relevant coefficients as repacking indi- 
cators and using all techniques. Under full consideration of the variation of 
single-battery characteristics with conjunction of the multiparameter repack- 
ing technique, one can more closely and fully reflect single-battery differences 
and increase the performance of the battery module. 

The dynamic characteristic repacking technique, with a mass of data to be 
captured and complex technology, is generally realized with a combination of 
computer procedures due to difficulty with using artificial repacking. In addi- 
tion, the suitable allowed deviation range of repacking indicators to be selected 
is available to ensure the consistency of single-battery performance in the bat- 
tery module, but also to increase the battery use ratio and repacking efficiency. 
Theoretically, the narrower the allowed deviation range of the repacking indica- 
tor, the better the single-battery consistency. In this case, however, the number 
of batteries outside such a range will be increased. Reducing the battery repack- 
ing use ratio obviously goes against decreasing the battery module cost. In addi- 
tion, the dynamic characteristic repacking technique often involves standard 
values or a standard or base curve, and the difficulty during its implementation 
is how to determine suitable standard values or a standard or base curve. 

The final conclusions are as follows: 


1) Due to the fewer factors to be considered, the single-parameter repacking 
technique has no practical use value and is not applicable to EV power bat- 
tery repacking. 
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2) With more repacking parameters to select, the multiparameter repacking 
technique can reflect, to some extent, the difference in practical character- 
istic value inside a power battery, and it has a certain use value compared to 
the single-parameter repacking technique. However, it has a principle defect 
due to failing to reflect the variation trend of battery characteristics (includ- 
ing charge—discharge capacity, internal resistance, surface temperature rise, 
charge—discharge platform, degree of electrode polarization, etc.) during 
power battery charge and discharge. 

3) Regarding the voltage curve as the main source of the battery repacking 
indicator, the dynamic characteristic (curve) repacking technique is availa- 
ble to select the single battery with better consistency, and then increase the 
performance of the battery module with the full consideration of the differ- 
ences in single batteries’ characteristics, in conjunction with the multipa- 
rameter repacking technique. Here, the emphasis in further study is how to 
use computer procedures based on suitable standard values or a standard or 
base curve, and how to use a parameter deviation range to realize intelli- 
gent, fast, and effective repacking. 


2.6.2 Technologies for Retired Battery Repacking 


The study of sorting and grading technologies for retired battery reuse has 
solved the sorting and grading based on real-time battery data. However, rele- 
vant historical information of the retired battery, such as service life, ex-factory 
information, and so on, also should be considered except for the real-time data 
of the retired battery during the practical repacking. Otherwise, the repacking 
integration to be directly performed based on the real-time battery data will 
have an effect on the long-term stable operation of energy-storage system of 
retired battery. In view of this, for the study on retired single cell repacking 
technology, use sorting and grading technology research result for reference 
and study on two sides of monomer repacking process and monomer repack- 
ing standard to perfect the sorting and grading process of retired battery. 


2.6.2.1 Single Battery Repacking Process 

The monomer battery repacking process is a beneficial supplementation and 
perfection of the sorting of retired monomer batteries. The specific monomer 
repacking process is as follows: retired monomer battery historical informa- 
tion sorting > retired monomer battery service life sorting > retired monomer 
battery manufacturer sorting > retired monomer battery type sorting > retired 
monomer battery electrode system sorting > retired monomer battery pro- 
duction batch sorting > retired monomer battery enters the retired monomer 
battery sorting process. The retired battery module sorting process is after the 
repacking from a retired monomer battery to a retired battery module. The 
retired single-cell repacking process is shown in Figure 2.91. 
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Figure 2.91 Retired monomer battery-repacking process. 


2.6.2.2 Monomer Repacking Standards 

Based on the determination of the retired monomer battery repacking process, 
it is necessary for study and reasonable quantization with grading standards 
involved in this process, for the purpose of enabling the process to have the 
functions in practical operation and use the guide of retired battery repacking. 
Complete grading standards have been put forward, as shown in Table 2.22, 
comparing to the repacking process, based on mass test verification; referring 
to mass retired battery data provided by the information system of reuse for 
retired batteries; and combining with the efficient optimal utilization principle 
of retired batteries. 

Repacking item meanings are as follows: 


1) Historical information sorting of retired monomer battery: This sorting item 
requires sorting by the historical information for a retired monomer bat- 
tery, specially including sorting for service life, manufacturer, battery type, 
electrode system, production batch, and so on. 

2) Retired monomer battery sorting based on service life: This sorting item 
requires sorting by the service life of a retired monomer battery; the service 
life information can be obtained by the information system of reuse for 


Table 2.22 Single-battery repacking standard. 
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Serial no. Repacking items Repacking standard 

1 Retired monomer The retired monomer battery with a 
battery sorting based service life of <8 years is to be judged as 
on service life qualified, or otherwise directly scrapped 

and put in storage. 

2 Retired monomer The retired monomer batteries repacked 
battery sorting based together must be from the same 
on manufacturer manufacturer. 

3 Retired monomer The retired monomer batteries repacked 
battery sorting based together must be of the same type. 
on battery type 

4 Retired monomer The electrode systems of retired 
battery sorting based monomer batteries repacked together 
on electrode system must be the same. 

5 Retired monomer The production batch interval of retired 


battery sorting based 
on production batch 


monomer batteries repacked together 
shall be <1 month. 


retired batteries. Specific repacking standards are: a retired monomer bat- 
tery with a service life 28 years is to be judged as unqualified, and it will be 
scrapped directly. 


3) Retired monomer battery sorting based on manufacturer: This requires sort- 


ing by the manufacturer of the retired monomer battery; the manufacturer 
information can be obtained by the information system of reuse for retired 
batteries. Specific repacking standards are: only retired monomer batteries 
from the same manufacturer can be repacked together. 


4) Retired monomer battery sorting based on battery type: This requires sort- 


ing by the battery type of the retired monomer battery; the battery type 
information can be obtained by the information system of reuse for retired 
batteries. Specific repacking standards are: only the same type of retired 
monomer batteries can be repacked together. When the battery types divide 
into rate type and energy type, they cannot be mixed for repacking. 


5) Retired monomer battery sorting based on electrode system: This requires 


sorting by the electrode system of a retired monomer battery; the electrode 
system information can be obtained by the information system of reuse for 
retired batteries. Specific repacking standards are: only retired monomer 
batteries with the same electrode system can be repacked together. Same 
electrode system refers to positive electrode and negative electrode materi- 
als with the same model, diaphragm, and electrolyte. 
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6) Retired monomer battery sorting based on production batch: This requires 
sorting by the production batch of a retired monomer battery; the produc- 
tion batch information can be obtained by the information system of reuse 
for retired batteries. Specific repacking standards are: only retired mono- 
mer batteries with an interval of production batches <1 month can be 
repacked together. 

7) Retired monomer battery entering the sorting process of retired monomer 
batteries: The retired monomer battery can enter the repacking process 
based on the sorting process of retired monomer batteries after passing 
through sorting item 2 and, meanwhile, meeting sorting items 4—6. 


2.6.2.3 Technologies for Retired Battery Module Repacking 

The foregoing sorting and grading technology for reuse of retired batteries and 
technology for retired monomer battery repacking is available to basically 
solve the sorting issues of monomer and module, namely the issues of how to 
sort and repack the monomer and module, including repacking process, oper- 
ating methods and standards, and so on. After successively obtaining the 
retired monomer battery and its module unit and module string, the next 
problem is the module repacking technology based on the retired battery mod- 
ule (string). As the repacking standards between modules have been solved in 
the study on the sorting and grading technology for reuse of retired batteries, 
the systematic study on repacking technology of retired battery modules will 
be developed in terms of a module repacking process, a module redundancy 
protection design, module heat and equilibrium management designs, and so 
on, mainly based on the application scenario needs. Then, a standardized and 
extendable design regulation of energy-storage modules of retired batteries 
will be established. 


2.6.2.3.1 Module Repacking Process 

The module repacking process of retired batteries depends on the sorting 
and grading process of reuse for retired batteries and the retired monomer 
battery repacking process, and these three are interrelated and inserted as an 
organic integration. Detailed process: analysis of application scenario 
needs > selection for retired battery type > module unit formed in sorting 
and repacking for a retired monomer battery (including a module redun- 
dancy protection design) > module string formed in sorting and repacking 
for a retired battery module (including module heat and equilibrium man- 
agement designs). 


2.6.2.3.2 Analysis on Module Repacking Meaning 

Analysis on Application Scenario Needs Different application scenarios have 
different needs for the performance of retired batteries, with specific classifica- 
tions shown in Table 2.23. 
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Table 2.23 List of application scenario needs for battery types. 


Application scenarios Battery performance needs Battery type 

Wind-PV power smoothing High rate Power type retired battery 
Peak load shifting Rate energy Common retired battery 
Standby power Low rate Energy type retired battery 


Type Selection of Retired Batteries Suitable types of retired batteries are to be 
selected based on the specific application scenarios in order to meet these 
needs for battery performance. Here, the types of retired battery can be 
obtained by the information system of reuse for retired batteries. For the 
application scenario of wind—PV power smoothing, for example, the power- 
type retired battery should be selected to take part in the module repacking. 


Module Unit Formed in Sorting and Repacking of Retired Monomer Battery 
(Including Module Redundancy Protection Design) Materially, the module unit 
formed in sorting and repacking of retired monomer batteries is the sorting 
process of retired monomer batteries with the insertion of a module redun- 
dancy protection design. It focuses on the capacity design for the module unit 
and ensures that the expression of module capacity meets the application 
needs. The module unit design is shown in Figure 2.92. 


Module String Formed in Sorting and Repacking for Retired Battery Module 
(Including Module Heat and Equilibrium Management Designs) Méaterially, the 
module string formed in sorting and repacking for retired battery modules is 
the module sorting process of retired batteries with the insertion of heat and 
equilibrium management designs for the modules. It focuses on the research 
and development of BMSs and boxes of retired batteries meeting the operation 
characteristics of retired batteries. The module string is shown in Figure 2.93. 


2.6.3 Repacking Process Scheme for Retired Batteries 


The retired battery is in general retired in the form of a module set, which can 
be dismantled as modules. The modules with qualifying appearance and per- 
formance can be directly repacked, or otherwise dismantled as single batteries 
to be repacked due to their qualifying appearance. During this repacking, it is 
necessary to overall consider real-time and historical data of retired single bat- 
teries, which will be directly scrapped if they have a disqualifying appearance. 

Based on the determination of a comprehensive sorting process of retired 
battery reuse, it is necessary (for the study and reasonable quantization against 
grading standards involved in such a process), for the purpose of enabling the 
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process, to have the functions of practical operation and reuse guide the reuse 
of retired batteries. Complete grading standards for reuse for retired batteries 
have been put forward, as shown in Table 2.24: comparing to the sorting pro- 
cess, based on mass test verification; referring to mass retired battery data 
provided by the information system of reuse for retired batteries; and combin- 
ing with the efficient optimal utilization principle of retired batteries. 

In addition, the reuse of retired batteries shall consider the real-time data of 
retired batteries and the relevant historical information, such as service life, 
ex-factory information, and so on, during the practical repacking. Otherwise 
(i.e., with such historical information unconsidered), the repacking integration 
to be directly performed based on the real-time battery data will have an effect 
on the long-term stable operation of energy-storage systems of retired batteries. 
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Table 2.24 Comprehensive sorting standards of reuse for retired batteries. 


Serial no. Grading items 

Module sorting 

1 Inspection of appearance 

2 Internal resistance voltage 
detection 

3 Module capacity grading 
(capacity and electric 
quantity screening) 

4 Be idle for 7 days under 
room temperature (low 
voltage screening) 

5 Full measurement of 
internal resistance voltage 

Cell sorting 

8 Inspection of cell 
appearance 

9 Internal resistance voltage 
detection 

10 Cell capacity grading 
(capacity and electric 
quantity screening) 

11 Be idle for 7 days under 
room temperature (low 
voltage screening) 

12 Full measurement of 
internal resistance voltage 

14 Be idle for 7 days at a low 


voltage (low voltage 
screening) 


Sorting standards 


No leakage, air bulging, defect, crack, or 
corrosion 


Modules with an internal resistance 
210 mQ and voltage <2.0 V are to be judged 
as unqualified and scrapped. 


The battery with a nominal capacity <70% 
is to be judged as unqualified and entered 
into a monomer cell-sorting process. 


The battery with its pressure drop 20.05 V 
is to be judged as unqualified. 


Internal resistance 25 mQ, voltage <3.0 V, 
and the battery shall be determined as 
unqualified. 


No leakage, air bulging, defect, crack, or 
corrosion 


Internal resistance 25 mQ, voltage <3.0 V, 
and the battery shall be determined as 
unqualified. 


The cell of a retired battery with a nominal 
capacity of <60% is to be judged as 
unqualified and directly scrapped. 


Voltage drop 20.05 V 


The battery with an internal resistance of 
23 mQ and voltage of <3.0 V is to be judged 
as unqualified. 


Voltage drop > 0.05 V 


In view of this, to study retired single-cell repacking technology, use sorting 
and grading technology research results for reference, and study both the 
monomer repacking process and monomer repacking standard to perfect the 
sorting and grading processes for retired batteries. The monomer repacking 
described in this section means the process of retired monomer batteries 
forming a retired battery module in parallel. Retired monomer battery 
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Table 2.25 Grading standards of retired battery modules 
and cell capacity. 


Serial No. Level Grading standard 


2100% nominal capacity 
295% nominal capacity 
290% nominal capacity 
285% nominal capacity 
280% nominal capacity 
275% nominal capacity 


270% nominal capacity 


oN An Rw NY eB 
EE Ae A aw at an 
7 5 


260% nominal capacity 


historical information sorting > retired monomer battery service life sort- 
ing > retired monomer battery manufacturer sorting > retired monomer bat- 
tery type sorting > retired monomer battery electrode system sorting — retired 
monomer battery production batch sorting > retired monomer battery enter- 
ing the retired monomer battery sorting process. After repacking the retired 
battery module, the retired monomer battery will enter the aforesaid sorting 
process of retired battery modules. 

The retired battery module to be judged as qualified during the process sorting 
will enter the capacity grading process. For the specific grading standards, see 
Table 2.25. Based on the grading standards of module capacity, the modules with 
different capacities can be separated for the purpose of classifying and marking 
different levels. For example, a module capacity at 2100% of nominal capacity 
should be marked as AAAA, a module capacity at >95% of nominal capacity as 
AAA, and the like. There are eight levels in total for the retired battery modules. 

Retired batteries should be implemented with repacking standards, namely, 
the differential pressure, differences of internal resistance, and capacity between 
single batteries should be controlled within a standard range, and the repacking 
requirements of battery modules (different voltages and capacity classes) have 
different scales and so on, which fail to apply the new standards of batteries. 
This research group focused on the repacking standards, standard module 
design technologies, and so on of retired batterires, and put forward the repack- 
ing standards and standard module design specifications of retired batteries. 

The following repacking standards of retired battery module cells are to be 
made based on the grading standards of retired battery modules and battery 
cells, considering the external characteristics and consistency of retired batter- 
ies and combining with the repacking requirements of new battery modules 
and cells. For details, see Tables 2.26, 2.27, 2.28, 2.29, and 2.30. In addition, the 


Table 2.26 Battery module repacking standards of Levels AAAA, AAA, AA, and A. 


Project requirement Internal Voltage- Voltage Constant 

Quantity of Capacity resistance sharing difference after current 3.0V platform  3.1V platform 
series connection differences differences differences being idle < ratio errors difference < difference < 
Number of series > 160S 5% 0.2 mQ 50mV 50mV 2% 2% 3% 

160S > number of series>80S 3.5% 0.2 mQ 50mV 50mV 2% 2% 3% 

80S > number of series > 24S 2.5% 0.2 mQ 50mV 50mV 2% 2% 3% 

24S > number of series > 13S 1.5% 0.2 mQ 50mV 50mV 2% 2% 3% 

13S > number of series 2 5S 1.0% 0.1 mQ 30mV 30mV 1% 1% 2% 

5S > number of series 0.5% 0.1 mQ 30mV 30mV 1% 1% 2% 


S, Series. 


Table 2.27 Battery module repacking standards of Levels B, C, D, and E. 


Project requirement Internal Voltage- Voltage Constant 

Quantity of Capacity resistance sharing difference after currentratio 3.0V platform  3.1V platform 
series connection difference< differences  difference< being idle < error < difference < difference < 
Number of series > 160S 8% 0.5 mQ 60mV 60 mV 5% 5% 8% 

160S > number of series>80S 5% 0.5 mQ 60mV 60 mV 5% 5% 8% 

80S > number of series > 24S 3.5% 0.3 mQ 50mV 60 mV 3% 3% 5% 

24S > number of series > 13S 2.5% 0.3 mQ 50mV 60 mV 3% 3% 5% 

13S > number of series > 5S 1.5% 0.2 mQ 30mV 50mV 2% 2% 3% 


5S > number of series 1.0% 0.2 mQ 30mV 50mV 2% 2% 3% 
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Table 2.28 Combination standards of cell in series. 


Quantity of combined battery Internal resistance Capacity/electric 
power conversion system difference % quantity difference % 
1-10 +5 <1 

11-20 +10 <1.5 

21-40 +20 <3 

Over 40 +25 <5 


Table 2.29 Combination standards of cell in parallel. 


Quantity of combined battery Internal resistance Capacity/electric quantity 
power conversion system difference % difference % 

1-10 +5 <5 

11-20 +5 <5 

21-40 +10 <6 


Table 2.30 Combination standards of cells in parallel series. 


Before battery in parallel After in parallel 
Internal Capacity/electric Internal Capacity/electric 

Total number resistance quantity resistance quantity 

of batteries difference % difference % difference % difference % 
1-10 +5 <5 +3 <1 

11-20 +8 <5 +5 <1 

21-40 +10 <6 +8 <2 

41-120 +10 <8 +8 <2 

121-1000 +25 <15 +10 <2 


Over 1000 +30 <15 +15 <2 
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Table 2.31 Repacking standards based on historical data. 


Serial no. Repacking items Repacking standard 

1 Retired monomer battery The service life is <8 years for a retired 
sorting based on service life monomer battery, or otherwise it is 

directly scrapped and put in storage. 

2 Retired monomer battery The retired monomer batteries repacked 
sorting based on together must be from the same 
manufacturer manufacturer. 

3 Retired monomer battery The retired monomer batteries repacked 
sorting based on battery type together must be of the same type. 

4 Retired monomer battery The electrode systems of retired 
sorting based on electrode monomer batteries repacked together 
system must be the same. 

5 Retired monomer battery The production batch interval of retired 
sorting based on production monomer batteries repacked together 
batch shall bes 1 month. 


repacking standards are put forward based on the history data, which are the 
mass data provided by the information system of reuse for retired batteries, 
and combined with the efficient optimal utilization principle, as shown in 
Table 2.31. 


2.6.4 Design of Batteries with a Standard Module for Retired 
Battery Repacking 


The core content of design technology of batteries with a standard module is 
the selection for serial and parallel modes of battery. In normal conditions, 
there are two forms for battery in series and parallel, namely parallel-series and 
series-parallel. Both battery connections can meet the specific requirements of 
battery module repacking. However, they will have different effects on the 
development trend of connection reliability and voltage inconsistency of bat- 
tery modules. However, it is necessary to perform an optimization study on 
series-parallel mode for the purpose of increasing the operating reliability of 
energy-storage systems of retired batteries and realizing long-term reliable 
operation of retired batteries. 


2.6.4.1 Theory of Reliability 

The normal working probability of an element is called the reliability of the 
element, so it is the same as the system. The reliabilities of connection models 
in two common battery modules (see Figure 2.94) are to be compared provided 
that the reliability of each element is to be r (0<r<1), as follows, and their 
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Figure 2.94 Reliability analysis model. 


normal working or nonworking states are independent of each other. Marking 
Ak represents ak is available to work normally, and Bk is ditto, where, k= 1, 2, 
3, ... n. P (Ai), P (Bj) are used to represent the probability of element reliability, 
and then P (Ai)=P (Bj)=r. The probability of element failure is P (Ai)=P 
(Bj) = 1-1, where i, j=1, 2, 3, ... n. 

For Figure 2.94a, the event of a system available to work normally is: 
[(A1NA2 ... NAn)U(B1INB2 ... NBn)] 

The probability of a system available to work normally is: 


Rs = P| (A1N A2...\An)U(B1O B2...0 Bn) | (2.9) 


Through derivation, the result is: 
Rs =rn(2-rn) (2.10) 


For Figure 2.94b, the event of a system available to work normally is: 
[(A1UB1)N(A2UB2) ... N(AnUBn)] 
The probability of a system available to work normally is: 


Rs = P| (A1UB1)0(A2U B2)...4(AnU Bn) | (2.11) 


Through derivation, the result is: 
Rs=rn(2-r)n (2.12) 


Based on Formulas (2.9) and (2.11), one can obtain the system reliability, 
which consists of n series of subsystems formed by m elements in parallel using 
the same analytical method and mathematical induction: 


R “T[}-¢-1)"] (2.13) 


The system reliability, which consists of n parallel subsystems formed by m 
elements in series, is: 


R, =1-[ J[1-(1-7)" | (2.14) 


2.6.4.2 Reliability Calculation 
Provided that the reliability of a single retired battery is the same and Ri = 0.99, 
take the energy-storage system model of a retired battery as an example, with a 
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total of 432 batteries. As calculated respectively for parallel-series and series- 
parallel modes, the results are as follows: 


1) Parallel-series: In case of parallel-series, provided that m=4, n=108, and 
then Rs = [1 - (1-0.99)4]'°8= 0.999. 

2) Series-parallel: In case of series-parallel, provided that m=108, n=4, and 
then Rs =1-[1-0.99'*]*=0.807. 


As shown in the above calculations, the connection reliability in energy- 
storage systems of retired batteries in the form of parallel-series is greater than 
that of series-parallel. Therefore, the module design of retired batteries should 
apply the parallel-series modes in terms of connection reliability. 


2.6.4.3 Differences in the Development Trend of Voltage Inconsistency 

In the parallel-series mode, although there is mutual charging for batteries first in 
parallel, the relative voltage difference is small in single batteries together with the 
energy consumption of charging each other, and it only affects several parallel 
batteries with a small range of action. Charging each other in a small range will 
have an action of equilibrium on batteries as a supplementation to batteries that 
are undercharged. This connection mode has an obvious action of equilibrium on 
batteries. This section studies, in terms of experimental analysis, the effects of two 
connection modes on the development trend of voltage inconsistency. 

For the effects of two connection modes on the development trend of voltage 
inconsistency, 100 20 Ah retired monomer batteries are adopted after consistent 
sorting to design and assemble 10P5S and 5S10P retired battery modules of two 
connection modes (excluding BMSs). We cycled the retired battery modules with 
such two connection modes 100 times under a 1 C charge—discharge system, and 
recorded the voltage distribution of retired battery modules after idle for 10 hours 
upon completion of cycle and full charge. The results show that, in the retired 
battery module where batteries are connected in parallel and then in series, the 
voltage distribution is concentrated and there is no battery with voltage below 
level. However, in the retired battery module where batteries are connected in 
series and then in parallel, the voltage, in general, is relatively low, with a large 
voltage distribution interval. If the battery pack continues to be used, it is neces- 
sary to conduct maintenance work by means of auxiliary charging of a single 
battery; otherwise, it is possible to cause damage to the whole battery module. 


2.6.4.4 Retired Battery Sorting Example Verification and Analysis 

Combining with the information of 2163 retired batteries of 20 Ah provided by 
a retired battery reuse information system, according to a retired battery reuse 
comprehensive sorting process, Group A and Group B 4S battery packs 
(without BMSs) are repacked; real-time data are only considered for a Group 
A battery pack during the repacking, while both real-time data and history data 
are considered comprehensively for a Group B battery pack. Carry out 1 C 
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Figure 2.95 Cycle life figure of Group A and Group B retired battery packs. 


charge—discharge cycles for both groups’ battery packs to study the differences 
in cycle life of two groups of battery packs. Here, the retired batteries in both 
Group A and Group B are all power batteries provided by Henan Huanyu 
Power Source Co., which were manufactured in different years and are based 
on the same system. The differences in historical information of two groups of 
battery packs mainly refer to the service life and production batch. The batter- 
ies in Group B’s battery pack are four batteries manufactured in 2010 in the 
same batch, and those in Group A are four batteries manufactured in 2010, 
2011, 2012, and 2013, respectively. 

Figure 2.95 shows the cycle life changing trend for Group A and Group B 
retired battery packs. Group A battery pack’s discharge capacity has a more 
obvious downtrend; after 32 cycles, the capacity retention ratio is only 89%; 
whereas the discharge capacity of Group B’s battery pack is basically stable, 
with a capacity retention ratio of 98%, which indicates, to some extent, that 
overall consideration of real-time data and historical data during sorting and 
repacking can play a significant role in improving a battery pack’s cycle life and 
discharge capacity. 


2.7 Energy Equilibrium and Heat Management 
of Retired Batteries 


For single batteries, there are differences in internal resistance, terminal voltage, 
capacity, self-discharge, and other parameters. During use, the ventilation and 
heat dissipation differences, overcharge and over-discharge of the batteries 
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intensify the inconsistency among single batteries; as the charge and discharge 
cycle continues, such inconsistencies will continue to increase. The Cask Effect 
of the battery module will result in a decline of discharge capacity of battery 
modules and shortened battery service life, so in extreme cases, overcharge or 
over-discharge of battery may cause safety accidents. Thus, it can be seen that 
battery inconsistency is the key factor affecting the service life of battery mod- 
ules. Therefore, it is of great significance to manage the batteries in equilibrium 
and to reduce the differences among single batteries, to extend the service life of 
batteries as much as possible. 


2.7.1 Battery Equilibrium Circuit Topological Structure 


Early equilibrium circuit adopts a power resistor for shunting. This kind of 
circuit structure is simple, reliable, and widely accepted and used in the indus- 
trial community. Thus, many electronic components manufacturers have 
successively launched management integrated circuits (ICs) suitable for differ- 
ent types of battery modules equilibrium and provide equilibrium solutions. 

At present, in a no-loss equilibrium circuit, the circuit that is most frequently 
deeply studied and is most widely used is the one based on electromagnetic 
field energy conversion. By introducing flyback conversion topology in switch- 
ing power supply, this kind of circuit is verified in practical application, and 
different circuit structures suitable for battery module equilibrium are devel- 
oped in succession. 


2.7.1.1 Energy-Consumption Type (Inactive Mode) 

This kind of equilibrium is realized by shunting the battery (with highest volt- 
age) current that needs equilibrium. In general, a power transistor is connected 
to a current-limiting resistor in series, and then connected to each battery ina 
battery pack in parallel to control the equilibrium process. Connect the power 
transistor when charging to the shunt part of the current in this battery, so that 
its charging speed is slower than that of other batteries. Connect the power 
transistor when discharging to increase the effective load of this battery, so that 
its discharging speed will be faster than that of other batteries. In this way, 
realize battery equilibrium in charge—discharge mode. 

At present, commonly used ICs that are exclusively used for LIB equilibrium 
protection include InterSIL’s ISL9208, ISL9216, and ISL9217; SEIKO S8209; and 
other special ICs. For the batteries with lower low-voltage protection voltage, an 
energy-consumption discrete device is adopted; see Figures 2.96 and 2.97. 


2.7.1.2 Energy-Transfer Solution (Active Mode) 

Transfer the energy from a high-energy monomer to a low-energy one, or sup- 
plement the monomer with the lowest energy using the energy from the whole 
battery pack. An energy storage link may be necessary in the process of imple- 
mentation, to allow energy redistribution in this link. 
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Figure 2.96 ISL9216 and ISL9217 lithium-ion battery protection IC. 
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Figure 2.97 Discrete device solution. 


Based on the mode of energy transfer, active equilibrium can be divided into 
centralized and decentralized equalization methods; the former refers to 
getting energy from the entire battery pack and then transferring the energy to 
the batteries with a small amount of energy through an electric energy conver- 
sion device; the latter refers to an energy storage link (inductance type or 
capacitance type) between adjacent batteries to allow energy to flow between 
batteries, so that the battery with more energy can transfer energy to the one 
with less energy. 


2.7.1.2.1 Single Auxiliary Power Supply Energy Transfer Method 

This method mainly uses a multiway switch and an auxiliary switch power 
supply to realize battery module energy equilibrium, as shown in Figure 2.98; 
through the time-sharing principle, the control circuit switches and controls 
the switch block, so that the energy in the high-energy battery will be trans- 
ferred to a low-energy one through auxiliary power supply in the battery module. 
In theory, this method obviously has higher efficiency than the energy- 
consumption equilibrium circuit method; however, with the increase of the 
number of battery modules, the design of the control circuit becomes very 
redundant. 
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Figure 2.98 Single auxiliary power supply energy transfer method. 


Figure 2.99 Multiple secondary polarity isolation 
transformer equilibrium method. 


2.7.1.2.2 Multiple Secondary Polarity Isolation Transformer Equilibrium 
Method 

This equilibrium circuit belongs to a DC-DC converter method, and the 
principle to realize circuit equilibrium is that the energy can be transferred 
from a battery module to low-voltage battery through a multiple-output 
transformer. In theory, this is an equilibrium circuit without loss; the princi- 
ple of this kind of topology structure is shown in Figure 2.99. Its advantages 
lie in a very high equilibrium efficiency and high speed. And its disadvan- 
tages lie in the application of other ancillary techniques to compensate for 
the voltage difference and the higher pressure-resistance requirement for a 
main circuit switch tube. 
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2.7.1.2.3 Distributed Switching Power Supply Equilibrium Method 

A distributed equilibrium circuit has a very strong structure modularization. In 
the battery module, each battery is equipped with a DC-DC convertor at both 
ends; the battery with very high voltage will discharge to the ends of the total 
battery module through the convertor to reduce the voltage of the high-voltage 
battery, to effectively avoid LIB and other power battery modules with poor ability 
of overcharge resistance. Based on whether the DC-DC convertor belongs to 
primary- and secondary-level isolation or not, the circuit can be subdivided into 
isolated and nonisolated circuits. The basic structures of these two kinds of cir- 
cuits are shown in Figure 2.100. The principle of isolated topology most frequently 
uses a flyback structure, and it is easy to extend the circuit structure modulariza- 
tion. The main disadvantage of it lies in the complex circuit design and high cost. 


2.7.1.2.4 Half-Bridge Equilibrium Circuit Method 
This is also known as a two-way lossless equilibrium charging circuit, and its 
principle is shown in Figure 2.101. In terms of the equilibrium way, only energy 


Figure 2.101 Two-way lossless equilibrium charging circuit method. 
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transfer between adjacent batteries can be realized. However, after several 
times of transfer, the goal of equilibrium can be reached. Its disadvantage is 
that in case there are many batteries, the energy transfer between adjacent 
batteries may take a long time, so the efficiency is low. 


2.7.1.2.5 Simulation-Comparison Equilibrium Circuit Method 

In this equilibrium circuit, simulative components and parts are mainly used to 
form an equilibrium control circuit, in which a voltage-comparing circuit using 
an operational amplifier design and a signal constituted by pulse-width modu- 
lation (PWM) signals are used to control the operation of the switch tube. 
Because the control circuit is fully designed from an artificial circuit, after 
long-time operation, the aging of components will affect the control precision, 
resulting in poor flexibility. The circuit used to realize equilibrium of two bat- 
tery modules is shown in Figure 2.102. 


2.7.1.2.6 Equilibrium Circuit Method Based on Buck-Boost Special Topology 
This kind of equilibrium circuit adopts the basic structure of the Buck-Boost 
circuit, and the circuit principle is shown in Figure 2.103. The controller allows 
the energy to transfer from a certain battery to other batteries by inputting a 
PWM control signal into the switch tube of the battery, so this circuit can real- 
ize energy transfer from a battery in a battery module with higher efficiency. 
But this circuit has a poor modularization, so it will be quite complex when the 
number of the batteries is increased. 

To sum up, at present, several equilibrium methods have been developed that 
mainly are divided into active and inactive ones. Inactive equilibrium is a method 
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Figure 2.102 Simulation-comparison equilibrium circuit diagrams. 
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Figure 2.103 Equilibrium circuit based on buck-boost special topology. 


to realize battery equilibrium by connecting each single battery to bypass a shunt 
resistor in parallel, which has such advantages as low cost, simplicity, and easy 
realization. But this method has lower equilibrium efficiency. Part of the battery 
capacity is lost in the form of heat, and heat management is needed. Active equi- 
librium includes the capacitance—inductance equilibrium method, the winding 
transformer method, DC-DC conversion, and other methods, with the common 
advantages of high equilibrium efficiency and a complex control strategy. 
See Figure 2.104 for the common battery equilibrium strategy. 

As it is difficult to control the consistency of retired batteries, the exclusive 
use of an active or inactive equilibrium technique cannot fully meet the 
requirements. On the basis of in-depth study of equilibrium techniques, an 
equilibrium control strategy based on active and inactive cooperative equilib- 
rium is put forward by organically combining two equilibrium methods and 
realizing the complementation of advantages and disadvantages of them, which 
plays a very important role in extending the service life of retired battery 
modules. In these, active equilibrium adopts an inductance-based active equi- 
librium technique, which can realize whole-process equilibrium, including all 
processes concerning battery charging, discharging, and idleness. 


2.7.2 Active and Inactive Cooperative Equilibrium Method That Can 
Realize Intelligent Time Sharing 


Combining active and inactive equilibrium integrates the respective advan- 
tages of the two equilibrium methods. By modifying the hardware circuit, 
combine active and inactive equilibrium to reach the goal of using different 
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Figure 2.104 Common battery equilibrium strategies. 
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Figure 2.105 Topology structure chart of a mixed-equalization cooperative strategy with 
active and passive equalization. 


equilibrium methods in different cases. The mixed-equilibrium topology 
structure is shown in Figure 2.105. The working principle is shown in 
Figure 2.106. Taking a charge—discharge cycle as an example, when a battery 
module is discharging, active equilibrium can be started. On the one hand, the 
energy loss of the battery module in equilibrium can be reduced to output 
maximum current to the load end. On the other hand, the active equilibrium 
current is relatively large, so it can charge the cell to be undervoltage in a 
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Figure 2.106 Intelligent time-sharing active and inactive cooperative mixed-equalization 
technology working principle. 


relatively short time period, so as to strengthen its cruising ability as long as 
possible. At this time, inactive equilibrium can be closed. When the battery 
module is undervoltage after discharging, the active equilibrium ends. When 
the battery module is charging, the active equilibrium is first used to move the 
energy of the cell at the first stage; when the cell voltage is close to the overvolt- 
age point, the charging current of the battery is reduced and shifted to the 
constant-voltage charging process gradually. Then, the active equilibrium is 
closed, and the inactive equilibrium at the end of charging is enabled to move 
energy at the second stage; such inactive equilibrium can eliminate the influ- 
ence of active equilibrium on sampling of cell voltage, as well as the interfer- 
ence of energy storage elements (such as inductance) generated under the 
high-frequency switch signal. It can control the charging overvoltage threshold 
more accurately, so that the battery capacity is consistently more accurate. 
The intelligent time-sharing mixed-equalization circuit includes a micro- 
controller unit (MCU) and a switch matrix. The MCU is connected with the 
main controller to judge the current working conditions of the battery module, 
analyze the equalization mode to be used, and control the switch matrix to be 
switched to the required equalization circuit. The active equalization circuit 
includes: a control chip, metal oxide semiconductor (MOS) pipe, energy 
storage inductance, transformers, and switch matrix. The signal output end of 
the control chip is connected with the grid of the MOS pipe; the drain elec- 
trode of the MOS pipe is connected with a switch matrix, respectively, through 
energy storage inductance and transformers; and the source electrode of the 
MOS pipe is connected with a switch matrix. The inactive equalization circuit 
includes: a control chip, driver chip, MOS pipe, discharge resistance, and 
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switch matrix. The signal output end of the control chip is connected with that 
of the driver chip, the signal output end of the driver chip is connected with the 
grid of the MOS pipe, and the source electrode and drain electrode of the MOS 
pipe are connected with the switch matrix through discharge resistance. 
The mixed-equalization circuit frame is shown in Figure 2.107. 


2.7.2.1 Method and Algorithm Realizing Equalization 

2.7.2.1.1 Intelligent Time-Sharing Mixed-Equalization Method 

The equalization method of an intelligent time-sharing mixed-equalization 
circuit judges whether the unequalization status occurs, and judges whether 
the battery is in a charging state or discharging state, constant-current charg- 
ing state, or constant-voltage charging state. It switches to a corresponding 
equalization circuit for equalization as required; when the unequalization 
status occurs at the discharging stage or constant-current charging stage of a 
battery module, the active equalization circuit by parallel connection of each 
battery unit in the battery module will move the energy between unequaliza- 
tion battery units. When the unequalization status occurs at the constant- 
voltage charging stage of a battery module, the inactive equalization circuit 
by parallel connection of each battery unit in the battery module will release 
the energy of the battery unit with higher voltage. The active equalization 
method conducts the triode corresponding to the first battery unit within the 
discrete time slot of the first pack, and the first battery unit stores energy for 
the energy storage inductance and transformer corresponding to the first 
battery unit. It also conducts the triode corresponding to the second battery 
unit within the discrete time slot of the second pack, and the transformer 
corresponding to the second battery unit charges for the second battery unit 
through the diode and energy storage inductance corresponding to the sec- 
ond battery unit. The discrete time slot of the first pack does not overlap with 
that of the second pack. Also, regarding the active equalization method, if the 
difference between the voltage of the first battery unit and that of the other 
battery unit is higher than the preset threshold value, the first cell is unequal. 
The inactive equalization method is as follows: to control chips to conduct 
the first control current corresponding to the first battery unit and the sec- 
ond control current corresponding to the second battery unit, alternatively; 
to conduct the first shunt passage parallel with the first battery unit under 
the action of the first control current; and to conduct the second shunt pas- 
sage parallel with the second battery unit under the action of the second 
control current. The inactive equalization method includes the following: the 
first control current is used to generate pressure drop on the resistance con- 
nected with the first shunt passage, where the first control current flows 
through resistance. If the voltage of one battery unit is higher than the preset 
threshold value, the battery unit is unequal. 


Shift Register 


do x da. ry Buffer. cy ca 2d — dè 


Active equilibrium circuit frame 


= 
& [| Energy `} 
g tanse j gs. 
= System 
n drive 
P y = Ss.” 
: pepe > P Ener 
Inactive equilibrium circuit frame transtor_) 8 
£ System 
> é drive 
$ f Energy 
: 5 transfer 
Series Battery Pack 3 “Sysiem 
m drive 
| 8 
——| È 
aiam, ia mse S 
————S——————————— = ~ System } 
Era | High-volt | | High-volt High-vo > 2 ative 
& ble 
Š “System } 
> drive 
“Energy © S 
_transier_ À § 
12V DC H N | 3 (System 
INPUT 5 > —- a \ drive 
LEVEL-SHIFT +4 5 V Energy 
i] 5 h tansfer J“ 
CA “System $ ~ N “System” 
drive a ( (sen 
UL è arive 
= las “Energy 8 
& transi er As 
7 ~ Fo > (System™ 
A 2 drive 
LEVEL-SHIFT 4 ~~ 
L 


PC/COM 


(SO CAN BUS INTERFACE ) 


Figure 2.107 Mixed-equalization circuit frame. 
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The equalization control strategy of an intelligent time-sharing mixed- 


equalization circuit is detailed in Figure 2.108. 
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The process of realizing active equalization from single Cell_1 to single 
Cell_2: Drive the PWM signal and optocoupler through opposition; after 
driving Q1_4 and Q1_5 power, isolate C1_1, and drive Q1_1; when PWM is 
at a high level, the switch pipe Q1_1 is conducted, and the single-battery 
Cell_1 charges for energy storage element L1. After PWM is changed from 
a high level to a low level, the switch Q1_1 is cut off, and the flywheel diode 
D1_2 continues to maintain L1 current to transfer L1 energy to Cell_2. 
Because the PWM signal is cycled constantly, the constant energy transfer 
from Cell_1 to Cell_2 is realized by virtue of L1. 

The process of realizing inactive equalization of single Cell_1: The driving 
signal is a level signal that is conducted after opening Q1_3 through opto- 
coupler isolation; then the energy consumption element R1 is conducted, 
the current of Cell_1 is drained, and surplus energy is consumed to realize 
inactive equalization. After the driving signal is changed to a low level, Q1_3 
is closed, and Cell_1 equalization is closed. 

The process of realizing active equalization from single Cell_2 to single 
Cell_1: Drive the PWM signal and optocoupler through opposition; after 
driving Q1_7 and Q1_6 power, isolate C1_2, and drive Q1_1. When PWM 
is a low level, the switch pipe Q1_2 is conducted, and the single battery 
Cell_2 charges for energy storage element L1. After PWM is changed from 
a low level to a high level, the switch Q1_2 is cut off, and the flywheel diode 
D1_1 continues to maintain L1 current to transfer L1 energy to Cell_1. 
Because the PWM signal is cycled constantly, the constant energy transfer 
from Cell_2 to Cell_1 is realized by virtue of L1. 

The process of realizing inactive equalization of single Cell_2: The driving 
signal is a level signal that is conducted after opening Q2_3 through opto- 
coupler isolation; then the energy consumption element R2 is conducted, 
the current of Cell_2 is drained, and surplus energy is consumed to realize 
inactive equalization. After the driving signal is changed to a low level, Q2_3 
is closed, and Cell_2 equalization is closed. 


2.7.2.1.2 Intelligent Time-Sharing Mixed-Equalization Strategy Algorithm 

The matrix equalization algorithm is used to realize equalization of the overall 
pack, and the purpose of matrix equalization is to reach the theoretical consist- 
ency of the battery within the shortest time from the macroscopic view. 


H 


owever, the difference of maximum voltage and minimum voltage between 


batteries is considered, and the relation between differences in adjacent battery 
voltage and average voltage of a battery module is only calculated. There is no 
cascade effect between batteries to accelerate the moving of energy between 
batteries and improve the efficiency of equalization. 
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Figure 2.108 Mixed-control strategy of a retired battery. 
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The algorithm principle is to take an example of eight batteries; suppose that 
the voltages are [3.07 3.06 3.09 3.06 3.05 3.07 3.09 3.08]. We can think that a 
linear relation exists between the voltage and state of charge approximately; if 
equalization occurs between the first battery and the second battery, the moved 
result is that the voltage of the first battery is reduced by v1 under an ideal 
state, and the electric quantity of the second battery is increased by v1 (i.e., the 
voltage moved is changed to): 


[3.07] [-1] 
3.06 
3.09 
3.06 
3.05 
3.07 
3.09 
3.08 


+v1* 


D O O OOGO IHl 


So we hope the voltage of each battery is balanced finally after the battery is 
moved to some extent, namely: 


[3.07 | [-1] [0] fo] [vf] 3.07 1 1} | vi 
3.06 1 a 0 uf 3.06 -1 1 1| | v2 
3.09 0 1 0 vf 3.09 -1 1 1 v3 
3.06 “ia 0 ep 0 ae 0 vf 3.06 L -1 1 1 S v4 
3.05 0 0 o| |v |=) 3.05 =e 1] | v5 
3.07 0 0 o| lof 3.07 -1 1 1| | v6 
3.09 0 0 -1| laf 3.09 -1 1 1) /]w 
[308] |o] | 0 | Lag [ef]... | 3.08 | | -1 1] [f] 


where v1, v2, ..., v7 are the voltages moved; and vfis the average voltage of the 
battery module. The above matrix inversion is: 
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Based on the obtained inverse matrix, vl—vf can be calculated to obtain: 
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-1 
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3.06 
3.09 
3.06 
3.05 
3.07 
3.09 


[3.07] 


3.08 


| -0.00125 | 
-0.0125 
0.00625 
—0.005 


=| 0.02625 


—0.0275 
—0.00875 
3.07125 


This calculated result can be explained to be moved from cell 2 to cell 1 (the 
symbol is negative) for 0.00125 T, from cell 3 to cell 2 for 0.0125 T, and from cell 
3 to cell 4 (the symbol is positive) for 0.00625 T (the symbol is negative). The 
final expected average voltage is 3.07125, and the loss of energy moving will 


not be considered. 


Based on this calculated result, we can obtain: 
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So it can be calculated simply as: 
vf =(Vbat1+Vbat2+...+Vbat8)/8 
vl =Vbatl -vf 
v2=v1l+Vbat2-vf 
v3 =v2 + Vbat3 -vf 
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The software is calculated and realized by this equation, and the number of 


>8 or <8 batteries is based on this. 


For the algorithm flow of the software, the software algorithm flow chart is 
designed by taking and eight-battery pack as an example. The maximum 


equalization passage is 4, and the flow chart is shown in Figure 2.109. 
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Figure 2.109 Software algorithm flow charts. 
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2.7.2.2 Active and Inactive Cooperative Mixed-Equalization Effect Test 
for Intelligent Time Sharing 

2.7.2.2.1 Equalization Effect Test Experiment 1 

Test conditions: 


1) Rated battery capacity: 25,000 mAh 

2) Battery type: LFP 

3) Number of pack: 16S 

4) Equalization current: active equalization 1000 mA; inactive equalization 
50-100 mA. 


After the battery module is charged fully, the battery that is easiest to over- 
discharge shall be discharged by 10,000 mAh separately, then the charge- 
discharge equipment shall be charged and discharged circularly, and the initial 
capacity of the unequalization battery shall be calibrated. The data tested by 
active equalization and inactive equalization are shown in Figure 2.110, and a 
total of 128 charge—discharge cycles are tested. 

The trend of discharging capacity change of the battery is correct from the 
view of the tested data: the reduction rate of discharging capacity of the battery 
is 22789 mAh/23700 mAh = 96.2%, the equalization effect is good, the scheme 
of active equalization plus inactive equalization is feasible, and the equaliza- 
tion effect is obvious. A change curve of equalization discharging capacity of 
the battery module is shown in Figure 2.111. 
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Figure 2.110 Test data of a battery module by active equalization and inactive equalization. 
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Figure 2.111 Change curve of the equalization discharging capacity of a battery module. 


2.7.2.2.2 Equalization Effect Test Experiment 2 

The active and inactive cooperative equalization strategy of a retired battery is 
verified, and the equalization process of the retired battery is shown in 
Figure 2.112, with the following test conditions: 


1) 7 Ah small battery 

2) 12 seconds 

3) Charge under constant current and constant voltage. 
4) The number of equalization passages is limited to 4. 


1) Voltage when the equalization is actually started: 
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2) After the equalization is started: 
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3) Midterm of equalization: 
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Figure 2.112 Equalization process of a retired battery: (1) voltage when the equalization is 
actually started; (2) after the equalization is started; (3) midterm of equalization; and (4) end 


of equalization. 


The whole equalization process shows that the voltage of the 2# battery is 
more than 4V at the initial stage of equalization, the differential pressure with 
other batteries is more than 700 mV, the differential pressure of 12 batteries is 
<20 mV through active and inactive cooperative equalization, and the equaliza- 


tion effect is good. 
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In conclusion, the equalization control strategy of taking active and inactive 
cooperative equalization has the following advantages: 


1) The active equalization is mainly characterized by high efficiency, large 
equalization current, and removing the consistency of the balancing battery 
rapidly; but its technical cost is high, and the complicated control strategy 
and algorithm reduce the reliability of the product. Some complicated tech- 
nical problems are not resolved. 

2) Although the current of inactive equalization is small, it will cause heating, 
but the cost is low, and it can be controlled and productized easily. 

3) Based on the differences between active equalization and inactive equaliza- 
tion, we research the equalization control strategy of active and inactive 
cooperative equalization. 


2.7.3 Thermal Management 


The thermal management system of a battery module is used to ensure that the 
battery module works in the whole system within a suitable temperature range, 
including the battery pack, heat transfer medium, and monitoring equipment. 
The thermal management system of the battery has the following five main func- 
tions [74]: (1) accurate measurement and monitoring of battery temperature; (2) 
effective thermal dissipation and ventilation at too-high battery temperature; (3) 
rapid heating at low temperature so that the battery module can work normally; 
(4) effective ventilation when harmful gas is generated; and (5) ensuring even 
distribution of the temperature field of the battery module. 

The thermal management system of a battery module can ensure that the 
power battery module works within the suitable temperature scope, improve 
the performance of battery module of EV, and provide powerful guarantee 
for improvement of performance of the vehicle [75-78]. The research of the 
thermal effect of the battery is the basis for researching the thermal man- 
agement system of a battery module; also, the analysis of heat dissipation 
and transfer mechanisms of single batteries and battery modules and accu- 
rate estimation of the heat-dissipating quantity and heat-dissipating rate 
can provide a basis for researching a battery module’s thermal management 
system and provide reference for automobile manufacturers to research a 
perfect BMS. 

The research of thermal effect of batteries mainly includes analysis on a 
battery’s heat-dissipating rate and research on its heat transfer and dissipation. 
Therefore, the current research status of the thermal effect of batteries mainly 
includes two parts: the current research status of the heat-dissipating rate of 
batteries and thermal models of batteries. 
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2.7.3.1 Current Research Status of Heat Dissipation Rate of Batteries 
Researchers have analyzed and researched the heat-dissipating rate model 
of batteries since the 1980s [79-82]. In 1985, D. Bernardi et al. [83] estab- 
lished a typical heat-dissipating rate model for batteries based on assuming 
that the internal heat dissipation of batteries is distributed evenly, and he 
thought that the battery heat dissipation was composed of reversible entropy 
change and ohm internal resistance heat production of an internal chemical 
reaction of the battery. Fengpei et al. established a battery model by the 
equivalent resistance method; their paper points that the internal resistance 
R of a battery is composed of ohm internal resistance and comprehensive 
internal resistance, and the heat production quantity of the battery is equal 
to PR. In 2000, Nobom Sato and Kazuhiko Yagi [84] measured the heat-dis- 
sipating rate q by experimental method, and applied it in an Ni-MH battery 
and LIB successively. Their paper points that the heat production of the 
battery is divided into four parts, including reaction heat generated by a 
chemical reaction, side reaction heat generated by gas, polarized heat gener- 
ated by electrode dissolution, and joule heat generated by ohm internal 
resistance. In 2006, Kandler Smith et al. [85] simulated the battery tempera- 
ture field with a 1D numerical model, and they thought that a battery’s heat 
production was composed of three parts: contact resistance heat produc- 
tion, joule heat, and electrochemical reaction heat. They listed the equation 
in detail, and obtained the battery’s heat-dissipating rate and heat-dissipat- 
ing quantity. Tsinghua University, Tongji University, Shanghai Jiaotong 
University, and other Chinese colleges and universities also researched the 
heat-dissipating rate model of batteries, and analyzed the heat-dissipating 
rate with the classical theoretical model method of Bernardi and experimental 
method of Sato. 


2.7.3.2 Current Research Status of Thermal Model of Batteries 

Outside of China, researchers have been researching the heat effect of LIBs 
since the 1990s. In 1998, Gerardine G. Botte et al. [86] used the centralized 
quality model; discussed the influence of heat transfer coefficient, current 
density, properties of negative and positive electrode materials, and other 
parameters of LIBs on the temperature of single batteries under different 
state-of-charge conditions; and researched the influence of positive electrode 
dissolution reaction on the temperature of a single battery. In 2001, Nobom 
Sato [87] obtained the heat-dissipating rate of LIBs by an experimental 
method, simulated an 80Ah LIB monomer by a centralized mass model, 
measured the actual temperature of a single cell under adiabatic conditions, 
and compared simulated values and experimental value; they fit well. In 2002, 
Selman et al. [88] discussed the functions of phase change material in thermal 


Assessment Technology Platform 


management of LIBs by a 1D model, and analyzed the temperature distribu- 
tion of a battery module and temperature field of large LIBs based on this. In 
the same year, Mao-Sung Wu et al. [89] researched a 2D model for one cylin- 
drical LIB according to the heat-dissipating rate model of Bernardi, and ana- 
lyzed the radial and axial temperature distribution under different 
heat-dissipating situations. In this year, Andreas Vlahinos et al. [90] used the 
3D model of simple and nonlayered LIBs first, which was beneficial to improv- 
ing the battery design and management. Their paper also researched the 
heating problems of LIB modules at low temperature, designed four schemes 
and discussed them, and thought that it was desirable to heat the monomer 
core by heat dissipation of internal resistance plus an electric heating device 
for the monomer shell. In 2003, Matthew A. Keyser et al. [91] conducted a 
thermal imaging experiment of a discharging process for a lithium—polymer 
battery; the result showed that the surface temperature of a single battery is 
distributed unevenly, and the temperature close to the lead is highest. The 
phenomenon is related to the current density distribution of batteries by 
analysis, so it is significant to research the current density distribution for the 
temperature field of a single cell. In 2005, S.C. Chen et al. [92] compared the 
calculation accuracy and calculation quantity of 1D, 2D, and 3D models sys- 
tematically for the heat-dissipating rate model of Bernardi; finally thought 
that the calculation accuracy and task load of 3D nonlayered models influ- 
enced by thermal radiation and the shell of a single cell were suitable; estab- 
lished the thermal model of LIBs based on this; and analyzed the influence of 
discharging current, discharging depth, shell structure, and air convective 
heat transfer coefficient on the distribution of temperature fields of the single 
cell. In the same year, the US National Renewable Energy Laboratory estab- 
lished the 3D thermal-electric coupling model of Ni-MH battery modules, 
and researched the temperature distribution of batteries according to the bat- 
tery’s internal current density distribution. In 2006, Pesaran et al. [93] applied 
the thermal-electric coupling model in the lithium-ion cylindrical battery for 
research; put forward a battery design scheme for discussion; obtained the 
internal voltage of the National Renewable Energy Laboratory battery, cur- 
rent density distribution, and coupling electrochemical reaction heat; and 
calculated the temperature field of LIBs. In 2007, Pesaran et al. [94] of the 
National Renewable Energy Laboratory reintroduced a 3D thermal abuse 
model of an LIB. The thermal abuse model combines with the internal pos- 
sible heat-dissipating reaction of LIBs based on a traditional heat model, then 
simulates and analyzes the change of the internal temperature field of the 
battery, and predicts the internal possible thermal runaway point. In recent 
years, due to rapid development of HEVs, control of the thermal environment 
in the running battery has received more and more attention. The National 
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Renewable Energy Laboratory researched the thermal management system of 
HEVs through theoretical modeling and test analysis: establish the thermal 
model and thermoelectrical coupling model of a single cell and module, 
respectively; analyze the distribution of an internal temperature field of a bat- 
tery; and calculate the heat-dissipating quantity by value simulation. Record 
the surface temperature with an infrared ray imager and liquid crystal ther- 
mal imager, place the thermocouple in the battery, measure the internal tem- 
perature field, and measure the heat-dissipating quantity through Aero 
Vironment and NREL’ Calorimeter. Then compare and verify the theoretical 
calculation and test result. Predict the battery module and heat-dissipating 
quantity of the battery module. Design, evaluate, and optimize a thermal 
management system. In addition, Toyota, Panasonic, Ovonic, and other vehi- 
cle or battery companies also performed much work on battery thermal effect 
analysis, the design scheme of a thermal management system, and technical 
evaluation [95]. 

Chinese research work bas mainly focused on engineering applications as 
well as test research since starting power battery research in the 1990s. In 
recent years, China started to research the battery heat transfer and optimiza- 
tion design of a thermal management system through theoretical modeling 
and simulation method, but the research objects are mostly Ni-MH batteries. 
The research on LIBs was started at the beginning of the 21st century, in 2006, 
Chen Yuhong et al. analyzed the source and reasons for internal heat of LIBs 
in the explosion mechanism research of LIBs, and provided a theoretical basis 
for research on the heat-dissipating mechanism of LIBs. In 2008, Yan Jian and 
Zhang Jian of the Shanghai Institute of Microsystem and Information 
Technology, Chinese Academy of Sciences, established a 3D thermal runaway 
model of a LIB monomer system to better understand the safety problem. In 
the same year, Zhang Yao and Bai Yang applied CFD-ACE + software in a ther- 
mal simulation analysis of power LIBs, and analyzed a thermal simulation for 
15 Ah power LIBs under a 0.5 C charge—discharge condition by establishing a 
model solution method. The result showed that the electrode and electrolyte 
are the fundamental elements deciding the thermal effect of a battery, but an 
optimization design of the drainage lead, pole rod, and shell will clearly 
improve the thermal distribution of the battery, and avoid the highest tem- 
perature occurring to the electrode, which is particularly important in the 
high-power output of a power battery. In 2009, Lin Chengtao of Tsinghua 
University introduced Chinese and other research progress for thermal mod- 
els of LIBs, including an electrochemical-thermal coupling model, a electri- 
cal-thermal coupling model, and a thermal abuse model, along with a lot of 
work in design, thermal management, and safety research of LIB monomers 
based on these models. Also in 2009, Wang Feng and Li Maode of Tongji 
University summarized the thermal effect models of several batteries based 
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on the domestic and foreign experimental and theoretical analysis, calculated 
the heat-dissipating quantity of one LIB, obtained the heat production value 
and distribution of battery temperature fields in the discharging process, and 
provided a basis for future research of LIB temperature rise effects and heat 
dissipation measures. Qin Mingjun et al. from Shanghai Jiaotong University 
also established a 3D and unstable heat transfer model of Ni-MH batteries, 
and analyzed the temperature field of Ni-MH batteries theoretically; such a 
model could be used for engineering design and parameters optimization of 
Ni-MH batteries, which has certain guided meaning to LIB thermal manage- 
ment system design. 


2.7.3.3 Power Battery Thermal Dissipation Technology 

In EVs, fuel cell electric vehicles (FCEVs), and HEVs, the battery is the major 
power supply. It must obtain high energy, and only after single-cell grouping 
can sufficient energy be provided. Since the power source energy demand is 
very large, the single cell or battery module shall be arranged, placed, and 
fixed on an EV in the method most convenient for thermal management. 
Because of this, it is very necessary for the arrangement method design of 
battery the module to conduct reasonable distribution on the vehicle space 
for its weight and volume, to mount a single cell or modules. The battery 
module box shall also be arranged with management, control, and monitoring 
equipment inside, to inspect and control the normal operation of the battery 
module [96]. 

Based on this analysis, besides improving the performance level of an EV 
single battery, the battery module module design and battery module optimi- 
zation design are very important for overall battery module performance. 
Through a battery module structure with a reasonable design, the performance 
fading due to a battery module formed by single cells largely decreases, and the 
effect of single-cell consistency in battery modules could also be decreased. 
With battery utilization characteristics on actual vehicles and BMSs, take 
necessary management measures to ensure that the power battery could 
work within the best operation temperature scope. Decrease the effects on 
single-cell consistency from temperature change and other factors, to improve 
the charge—discharge performance of EV battery modules. 

With the progress of LIB technology, the specific energy of LIBs has been 
improved greatly, and the acceleration performance of LIB EVs has com- 
pletely reached or even exceeded that of fuel vehicles. However, current 
research shows that single-battery consistency in battery modules is a prob- 
lem affecting battery modules’ cycle life greatly; at the same time, the single 
cell itself also has manufacturing differences, and these affect the battery’s 
capacity, working voltage, and inconsistent charge—discharge performance. 
If single cells are simply repacked, the performance of a single battery in a 


209 


210 


Reuse and Recycling of Lithium-lon Power Batteries 


battery module will be inconsistent; with an increase of charge—discharge 
times, the difference among single cells will be greater, and such difference 
will lead to severe shortening of overall battery module performance in the 
end. Hence, the battery thermal management system is actively studied 
worldwide. The battery module thermal management system has a great 
influence on battery consistency, and it receives high attention in battery 
module designs currently. The National Renewable Energy Laboratory has 
utilized relevant computer and other auxiliary means, experimented to ana- 
lyze various performances of power battery modules, and studied thermal 
management specific to power battery packs. The research content includes 
heat dissipation design, electrical design, analysis, and control. The research 
result simplifies the electrical model of the power battery module, and devel- 
ops the power battery that is utilized in simulation analysis and comprehen- 
sive CAD software, in order to obtain a more reasonable battery module 
structural design. 

At present, commonly used heat dissipation methods could be divided into 
active cooling systems and inactive cooling systems according to the relation 
with external environment [97]. Among existing research, an inactive cooling 
system is the major mode for heat dissipation; the working environment of the 
battery is affected by external conditions, and the battery’s heat dissipation 
could only be relieved to a certain extent. While the active cooling system basi- 
cally gets rid of the influence of environmental factors, which could set the 
battery working environment based on demand and ensure proper tempera- 
ture, this is also a development direction for the future. The comparison of 
several heat dissipation systems is shown in Table 2.32. 

Air cooling is currently the most extensively used method for EV power bat- 
tery modules. Forced air flow could be generated by a fan or the headwind in 
vehicle travel. Through methods comparison, the air-cooling structure is rela- 
tively simple, safe, and convenient for maintenance. 

According to the sweeping air-cooling method for batteries, it can be divided 
into a series-flow method and parallel-flow method. The series-flow method 
refers to the fluid form that air flow follows through battery modules along 
with the flow-field direction; the temperature difference between fluid and 
battery is small, and the heat transfer capability is relatively small. The paral- 
lel-flow method refers to fluid that flows through battery modules at the same 
time, and the heat transfer conditions of fluid and battery modules are close. 
However, due to space limitations in the initial design, the series-flow method 
is generally adopted [98]; the defect is that the degree of inconsistency between 
the front and rear modules is relatively large. The advantage of the parallel- 
flow method is homogenizing the heat dissipation conditions among modules, 
which is beneficial for a decrease in temperature differences among modules. 
The defect is that the conditions required by the parallel flow method are very 


Table 2.32 Comparison of heat dissipation systems. 


Comparative 
item 

Use 
Installation 


Cooling capacity 


Application 
Expansion 
Homogeneity 
Maintenance 


Lifetime 


Initial 
investment 


Annual 
investment 


Fan-forced 
convection 


Easy 
Easy 


Higher than 
ambient 
temperature, 
with wide range 


Easy 
Easy 
Low 
Low 


More than 20 
years 


Low 


Low 


Phase-change 
material 


Easy 
Moderate 


Higher than r 
ambient 
temperature, 
with narrow 
range 


Moderate 
Moderate 
Low 

Moderate 


More than 
20 years 


High 


Low 


Heat pipe 
cooling 


Difficult 
Difficult 


Higher than r 
ambient 
temperature, 
with narrow 
range 


Limited 
Difficult 
Moderate 
Difficult 


More than 
20 years 


High 


Moderate 


Thermoelectric 
cooling 


Moderate 
Moderate 


Lower than ambient 
temperature, with 
limited controllable 
range 
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rigorous, and the difference generated between front and rear modules is very 
hard to avoid. 

Current research emphasizes how to balance the flow-field conditions of 
front and rear modules. The modules, arranged in staggered order [99], adopt 
a wedge-shape structure for battery modules along the flow field to balance the 
flow-field pressure [100]. For designs of Panasonic and Toyota, the downstream 
battery module is wrapped with a thin film canister on the outside, to adjust 
the dissipation conditions by changing the thickness of the thin film canister 
and modules interval, which is a kind of method that takes module tempera- 
ture uniformity as a priority and sacrifices the battery dissipation strength 
[101]. There is another design: set a V-shape drainage plate along with the flow 
field to decrease the downstream area gradually, balancing pressure before and 
after the flow field, and induce the air flow into the middle, balancing the 
dissipation conditions of the center and edges [102]. In limited space, design 
serpentine air channels to extend the air flow path, and give full play to the air 
flow’s heat dissipation capability, to achieve the goal of homogenizing the heat 
dissipation conditions of each module [103]. 

In indirect contact-type liquid cooling, liquid flows in the channels, taking 
heat by battery contact with a heat sink and other media to cool the battery 
[104]. Since there is no flow rate limit and insulation requirements, liquid with 
high thermal conductivity could be selected. However, regarding temperature 
uniformity, it is not as good as direct contact-type liquid cooling. To avoid 
leakage and short-circuit, this method has the more requirements for leak- 
proofness of channels [105]. The defect of liquid cooling is that it increases the 
system’s weight and complicates the structure, which is not convenient for 
maintenance. 

Generally, the effect of cool-plate cooling is better than that of heat convec- 
tion [106,107], and pasting high-thermal-conductivity materials directly on 
the surface of a subject could enhance local heat dissipation very well, 
although it will lead to cost increase; therefore, it could be used in key heat- 
dissipating areas. 

PCM (phase-change material) or heat pipe cooling takes advantage of latent 
heat of the PCM to store or release energy. When the battery is heating, the 
PCM will absorb heat and take away part of the heat to relieve the battery’s 
heat dissipation. The PCM shall be placed in the battery module; when con- 
ducting heat transfer in direct contact with the battery module, if there is 
deformation, some problems will be caused. Examples of utilizing PCM cool- 
ing and heating LIBs are given in References [108,109]. In a word, PCM heat 
dissipation is all right. 

When designing, multiple heat dissipation methods shall be combined; for 
example, a heat dissipation system designed by Honda Company applied several 
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Air First heat 


Figure 2.113 Hybrid heat dissipation system of Honda Company. 


Second heat 
exchanger 


Refrigent 


methods of air cooling, liquid cooling, and air-conditioning cooling for heat 
dissipation, and the structural diagram is shown in Figure 2.113 [110]. In gen- 
eral cases, air cooling is a more mature method for heat dissipation. When heat 
dissipation is severe, dissipate heat with liquid, and direct contact-type liquid 
heat transfer shall be the first choice; if the heat dissipation capability is still 
weak, indirect contact liquid heat transfer shall be considered, and the channel 
design shall be parallel structure. The outer shell adopts a freestanding struc- 
ture, which is in favor of fluid guidance [111-118]. Relieving the battery heat 
dissipation increases the weight and cost of the system and complicates the 
structure. 


2.7.3.4 Analysis Example of Module Forced-Air Cooling Heat 

Dissipation 

When a retired battery has been recycled on EVs for years, it is unavoidable 
that it will have fading and aging to a certain extent, and the safety and reliabil- 
ity of reuse need to be tested. To ensure the safe and stable work of LIBs, the 
consistency of battery temperatures needs to be well guaranteed. At this time, 
a forced-air cooling structure shall be considered. Assuming the extreme heat- 
ing power of a single battery is 20 W, provide sufficient air volume, conduct 
analog calculations based on different single-cell intervals, and choose the 
optimum single interval distance (d). (See Figure 2.114.) 

Take a specific interval d, conduct modeling analysis with software, and set 
ambient temperature: 35°C; the heat transfer coefficient between the air and 
battery is 5 W/(M°K). The results in Figure 2.115 can be obtained. 

Through this analysis, under a different gap, compare the change of single- 
cell internal temperature, battery gap temperature, and gap airflow, and select 
the battery gap d as appropriate based on the analysis result. 

Figure 2.116 shows that the single gap temperature will fall along with an 
increase of gap; and, when the gap equals 6-7 mm, the temperature difference 
stabilizes at 3.5°C around. 
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Figure 2.114 Interval design optimization. 


Figure 2.117 shows that the internal temperature of a single battery will rise 
with an increase of gap, and when the gap equals 5-6 mm, the battery internal 
temperature difference stabilizes at 0.4°C around, and the curve trend is rela- 
tively smooth. 

Figure 2.118 shows that the airflow velocity will fall with the increase of gap, 
leading to temperature increase inside a single battery. 

Conclusion: As known from the analysis in this section, under the case of a 
certain air volume, the interval among single batteries is selected as 6mm. 
At this time, the working temperature of the battery is less than 40°C, and the 
temperature difference is less than 3.5°C. 

Under this condition, the retired LIB module adopts the combination mode 
of six modules sharing one air channel and parallel air intake mode, to cool 
each module evenly and maintain the consistency of each single battery. (See 
Figures 2.119, 2.120, and 2.121.) 
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Figure 2.115 Temperature distribution and airflow velocity distribution of a specific gap. 
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Figure 2.116 Maximum and minimum temperature and temperature differences among 
single batteries under a different single battery gap. 
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Figure 2.117 Maximum and minimum temperature and temperature differences among 
single batteries under a different single battery gap. 
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Figure 2.118 Figure of the relation between a battery gap and average airflow velocity. 
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Figure 2.119 Layout figure of a retired lithium-ion battery module. 


2.8 Design of Box and BMS for Retired Batteries 


2.8.1 Design of Box 


As the carrier of the battery module, the battery box plays a crucial role in 
providing the battery module with safety and protection, and factors in multi- 
ple aspects shall be fully taken into consideration for the design. Within a 
narrow space, under the condition ensuring safety, questions include how to 
install the battery with more electricity in the box, and how to match the whole 
system perfectly at the same time; a high requirement is raised for box design. 

A new battery box shall follow China’s national machinery industry stand- 
ard JB/T 11141-2011, General Requirement for Module Case of Lithium-Ion 
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Figure 2.120 Temperature distribution figure of a retired lithium-ion battery module. 
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Figure 2.121 Airflow velocity distribution figure. 


Battery, which stipulates the design requirements, test method, inspection 
rules, mark, package, transport, and storage for manganese acid lithium, 
lithium ion phosphate, and other lithium-ion batteries greater than or 
equal to 6 Ah. 

When a retired battery has been recycled hundreds or thousands of times in 
EVs, both performance and consistency drop to a certain extent; in secondary 
utilization, it is possible to generate thermal runaway due to large heating value. 
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As a consequence, a battery box specific to retired batteries should be specially 
designed; choose a thermal dissipation mode and arrangement mode for the 
radiator, reasonably integrating thermal management technology. 


2.8.1.1 Overview of Retired Battery Box 

1) Functions battery box shall possess: A battery box shall possess battery 
modular packaging, a management system and safety protection system 
assembly, with a quick replacement feature, and with waterproof, fireproof, 
and dust prevention functions. 

2) Design requirements of battery box: A battery box is constituted by two 
parts, the inner and outer box. The outer box is fixed on the battery box rest 
stand of the energy storage system, and the inner box is supported by idler 
wheels inside the outer box; the electromagnetic lock is locked up and fixed 
on the outer box. Design an automatic quick inserted-connected structure to 
solve the quick insert-connect between plug and jack, as well as separation 
and quakeproof issues. Design a safe and reliable lock-up and unlock struc- 
ture, to realize overall battery module lock-up and quick disassemble. 
Design a heavy load all-take-off-type slide and guiding-type idler wheel 
pull-off structure, to realize quick separation between the battery module 
and battery box rest stand. Employ a double-layered structural panel design, 
and arrange the BMS, quick fuse insurance, manual inspection mechanism, 
ventilating fan, quick replace system sucker, and other components in the 
middle layer, to realize battery modular packaging and assembly of battery 
box and components; this is convenient for cabling, installation, and main- 
tenance, and it can be quick replaced. 

3) Battery box structure: Based on different types and sizes of retired batteries, 
battery boxes are designed into two specifications: big box and small box. 
The structure and function of the big box and small box are all the same, 
other than their dimensions. A complete battery box consists of an outer 
box and inner box. 


A) Outer box: The overall structure employs steel plate stamping forming 
with an externally conducted spray-paint treatment and internally 
sprayed with fire insulation varnish, to provide a waterproof, fire- 
preventing and ventilated space for battery installation. 

B) Inner box: Provide a single-cell installation and fixation, BMS, high- 
voltage protection system, ventilation system, quick replacement inter- 
face, and other installation spaces. To ensure the safety of a battery 
charge—discharge test, and realize effective management in the battery 
utilization process, adopt a double-layer structure at the battery box 
panel, and arrange the BMS, quick fuse insurance, manual inspection 
mechanism, ventilating fan, quick replace system sucker, and other 
components in the middle layer; at the same time, the double-layer 
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structure could absorb collision energy effectively, providing battery 
protection. After grouping, as one of the key components of an energy 
storage system, the batteries must satisfy the insulation requirement of 
the energy storage system, and the battery box system adopts a single 
battery topic insulation, an insulation roller between the inner and 
outer boxes, a fire insulation varnish insulation inside the box, an insu- 
lator suspension insulation for the outer box, an electromagnetic lock 
insulation treatment, and so on, to realize absolute insulation among 
energy storage battery systems in multiple layers. 


2.8.1.2 Example for a Retired Battery Box Structure Design 

Take the structure of a single-battery module comprising 12 LIB monomers in 
parallelconnectionasanexample. Theexternaldimension (width x height x depth) 
is 165 mm. Constitute a single module in parallel connection; six modules share 
one air channel. A 3D model is shown in Figure 2.122. 

Optimize a preliminary design structure based on the analysis result, and 
determine the external dimension of the box (width x height x depth): a 
1544 mm optimized preliminary design structure. A 3D design model is shown 
in Figure 2.123. 

The interval between air channels is 69mm, which leaves enough space for 
wiring. The inner box adopts a double-layer structure, equipped with a BMS, 
fan assembly, and other monitoring units, as well as cable and communication 
interfaces in the isolation area. Such an independent structure could protect 
BMS effectively, avoiding electromagnetic interference. 


2.8.2 Battery Management System 


To ensure good battery performance and prolong battery service life, reason- 
able and effective management and control must be conducted for batteries; 


Figure 2.122 3D model of a retired battery box and thermal dissipation air channel design 
of a retired battery module. 
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Figure 2.123 Appearance layout of a retired battery box. 


therefore, a large amount of manpower and material resources are put into it 
for extensive and profound research both at home and abroad. For example, 
the Aomori Industrial Research Center, Villanova University, US NanoCorp, 
Toyota, Honda, General Motors Corporation, Beijing Institute of Technology, 
and Beijing General Research Institute for Nonferrous Metals all conducted 
special research in this field [119,120]. 

The major working principles of a BMS could be easily concluded as: the 
data acquisition circuit first acquires battery state information data, with data 
treatment and analysis by an electric control unit (ECU), then issues control 
orders to relevant function modules in the system based on the analysis result, 
and transmits information to the surroundings. Based on the above principle, 
a typical BMS basic structure block diagram is put forward by scholars [121] 
(see Figure 2.124). This typical system simplifies and divides a BMS into two 
parts: one ECU and one equalizer used for equalizing the electric charge level 
between batteries (EQU). The tasks of the ECU mainly consist of four functions: 
data collection, data processing, data transfer, and data control. The ECU also 
controls such battery maintenance devices as the equalizer and car charger. 

Combining research from at home and aboard [122-125], the EV BMS 
designed at present generally includes the following functional components: 
data collection, estimation of surplus of capacity (SOC), electric control 
(charge—discharge control, equalized charging, etc.), heat management, safety 
management, and data communication. 


2.8.2.1 Data Acquisition 

In BMSs, the collected data are a basis for reliable and effective management 
and control of batteries. Thus, data accuracy, sample frequency, and data filter- 
ing are very important. In view of the dynamic change characteristics of 
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Figure 2.124 Typical battery management system (BMS) structure diagram. 


voltage, current, and temperature, the sample frequency, in general, shall not 
be less than 1 time/s. The safety requirement for LIBs is high and the LIB is 
sensitive to voltage, so the voltage of each single battery must be collected and 
the temperature of each battery monomer must be monitored. The require- 
ments for voltage and temperature collection precision of nickel-metal hydride 
batteries and lead acid batteries are not as high as the requirements for LIBs. 
So at times, to simplify the structure of BMSs, the voltage and temperature of 
a pair or a set of batteries will be collected at a time. For example, for the Ni- 
MH BMSs researched in the literature, five voltage measuring points are set in 
each battery module consisting of 10 single batteries; and, for temperature 
measurement, one measuring point is set in each battery module. 


2.8.2.2 Estimation of SOC 

The determination of SOC is the key and difficult point of a BMS. Because of 
the highly nonlinearity of EV batteries in the use process, the accurate estima- 
tion of SOC is very difficult. The traditional basic SOC estimation methods 
include the open circuit voltage method, internal resistance method, ampere- 
hour method, and other methods. In recent years, many new algorithms for 
estimating battery SOC have been developed in succession, for example the 
fuzzy logic algorithm model, adaptive neural fuzzy inference model, Kalman 
filtering estimation model algorithm, and the emerging linear model, imped- 
ance spectrum method, and so on [126,127]. (See Table 2.33.) 

The open circuit voltage method is applicable to test the battery SOC under a 
steady state and should not be used alone when the EV is running. It is usually 
used as a supplement to other algorithms. The internal resistance method is a 
method to predict SOC according to the relationship between the internal 
resistance of battery and the SOC. However, a battery’s internal resistance is 
affected by many factors, so the measured results are susceptible to interference 
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Table 2.33 Comparison of different SOC calculation methods. 


Method 


Ampere-hour 
method (current 
integration) 


DC internal 
resistance 
method 


Open circuit 
voltage method 


Zero load 
voltage 


Loss-of-charge 
method 


On-line 
identification 
of battery’s 
accurate model 


Electrochemical 
analysis 


Linear model 
method 


Effective mass 
of battery 
electrolyte 


Description 


At present, the only method 
that can be used to 
accurately calculate the 
SOC of battery modules 


When the SOC is at 50% or 
below, the DC internal 
resistance shows a negative 
correlation. 


The open circuit voltage is 
measured after sufficient 
standing of battery; 
calculates SOC. 


In the process of charge and 
discharge, measure the 
voltage and current at the 
ends of the battery, and 
calculate the open circuit 
voltage to realize real-time 
on-line measurement. 


It is the most reliable SOC 
estimation method; constant 
current is used to discharge 
continuously. 


Identify battery's accurate 
model by means of artificial 
intelligence, fuzzy logic 
control, neural network, and 
other methods. 


Analyze battery’s internal 
structure, composition, and 
chemical reaction; and 
calculate SOC-—OCV in 
theory. 


It is a liner equation based 
on current, voltage, SOC 
changes, and the SOC value 
at the previous time point. 


Mass weighting 


Disadvantages 


It is required to set the SOC initial 
value. It is required to accurately 
calculate the charging efficiency or 
discharging rate. It is necessary to 
charge or discharge the battery module 
using constant current. The battery 
module must be discharged completely. 
There is a cumulative error. 


When SOC is at 50-80%, this 
method is not applicable. The DC 
internal resistance is very small, so it 
is difficult to realize accurate 
measurements. It is affected by many 
other nonlinear factors. 


The positive correlation is easily 
affected by temperature, standing 
time, and other factors. The voltage 
is measured on the platform, so the 
estimation of SOC may cause a large 
error. 


It is required to accurately build a 
SOC-OCYV curve. It is required to 
accurately build a battery model. It is 
required to accurately calculate the 
impedance parameters used in the 
battery model. 


Time-consuming; it is not suitable for 
the EV that is running and can be 
used for the overhauling of EVs. 


Stays in computer simulation phase. 


There will be error between theory 
and reality because the solution 
components, shapes of 
counterelectrodes, and workmanships 
are different, and the workmanship 
cannot be realized completely 
according to the design requirements. 


At present, it is only used on lead 
acid batteries. 


It is suitable for lead acid batteries, 
not for Ni-MH batteries and 
lithium-ion batteries. 
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and the reliability is low. In addition, this method is relatively complex with a 
large amount of calculation, so it is difficult to use in practical application. The 
ampere-hour method is a method to record the energy output from or energy 
input in a battery by means of current integration. And then the SOC of a 
battery can be calculated based on the initial charge—discharge SOC state. This 
method is the most direct and obvious one, simple and easy, and can get 
relatively high accuracy in a short time. However, after long-time working, the 
accumulative error is large. 

In practical application, the ampere-hour method is the most commonly 
used one and is always jointly used with other methods, for example as the 
ampere-hour-internal resistance method, ampere-hour—Peukert equation 
method, and ampere-hour-—open circuit voltage method. The accuracy of these 
combinational algorithms is generally higher than with only the ampere-hour 
method. Various intelligent and new algorithms are not very mature, so it is 
difficult to realize the use of some complex algorithms on a single-chip system. 
Asa result, they are rarely used in practical application, but they are the direc- 
tion of future development. 


2.8.2.3 Battery Equalization 
Based on the present power battery design and manufacturing technical level, 
the performance difference between battery monomers exists objectively in 
the whole service life. To avoid early failure of battery monomers due to over- 
charge and over-discharge, and to allow the battery module’s function and 
performance index to reach or approach the average level of the battery mono- 
mer, the realization of equalization control and management of the battery 
module is the only way. Equalization management is an all-important tech- 
nique in BMSs. 

In the past 10 years, the developers of many BMSs have adopted all kinds of 
methods to realize battery equalization. All of these methods can be divided 
into two categories: energy-consumption type and energy-transfer type. 


2.8.2.4 Electrical Control 

Electrical control shall realize the following functions: control the charging 
process, including equalization charging; and limit the discharging current 
according to the battery’s SOC, SOH, and temperature. In electrical control, it 
is required to combine the used battery technique and type to set a charge— 
discharge controlling algorithmic logic, as the standard for charge—discharge 
control. There are many equalization charging schemes. When choosing, 
consider the complexity and equalization efficiency of the circuit at first [128]. 


2.8.2.5 Security Management and Control 
The safety problem of batteries, especially LIBs that may be on fire or even 
explode in overcharge, is a challenge that is encountered and faced by domestic 
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and foreign major automobile companies and scientific research institutes at 
present, and it must be solved. This problem may directly affect the populari- 
zation of EVs. Regarding safety, a BMS mainly focuses on battery protection 
and high-voltage and high-current leakage prevention; its necessary functions 
include: over voltage and over current control, over discharge control, over 
temperature prevention, and battery shutdown in case of collision. 

These functions can be realized combined with an electrical control and heat 
management system. Many systems dedicatedly add a battery protection 
circuit and a battery protection chip. For example, for the BMS specified in the 
literature, the circuit design of its intelligent battery module can also discon- 
nect and connect a single battery. The most important thing for a safety man- 
agement system is to master the battery’s various state information in a timely 
and accurately way, to send an alarm signal or disconnect the circuit in case of 
the occurrence of abnormalities, and to prevent accidents. 


2.8.2.6 Thermal Management 

A battery’s working performance may be different at different temperatures; 
for example, the optimum working temperature of lead acid batteries, LIBs, 
and Ni-MH batteries is 25-40°C. Temperature changes may change the 
battery’s SOC, open circuit voltage, internal resistance, and available energy, or 
even affect the service life of the battery. The difference of temperature is also 
one of the reasons for battery equalization problems. The main tasks of a ther- 
mal management system include making the battery work within a proper 
temperature scope and reducing the temperature difference among battery 
modules. The control of battery temperature can be realized by use ofa vehicle- 
mounted air conditioner, which is also a temperature control method generally 
used for EVs. 


2.8.2.7 Data Communication 

Data communication is one of the important parts of a BMS. In a BMS, the 
data communication mode mainly adopts the CAN bus communication mode 
at present. In a BMS cooperatively developed by Xiamen University and 
Tsinghua University, there is an internal CAN network used among modules 
inside, and there is also another CAN communication interface that accesses 
a vehicle CAN communication network [129] in the communication and dis- 
play module. However, in a BMS developed in a test by Tongji University and 
used for EVs with fuel cells of No. 2 Chaoyue, the internal module adopts a 
LIN bus communication, while the communication with the vehicle adopts a 
CAN bus mode. 

The wireless communication mode can be selected when adopting a smart 
battery module, or the communication with the main controller is conducted 
through a power line carrier mode. Wiring of a BMS can be reduced from such 
two kinds of communication mode, to reduce the complex degree of circuit 
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inside the EV. However, its reliability and anti-interference capability are 
inferior to those of the CAN bus. 

In addition, the communication interfaces with the computer basically 
remain for each BMS, to make it convenient to analyze the data information of 
batteries on a computer. 


2.8.3 BMS Design for Retired Batteries 


The above-mentioned study shows that the consistency problem of retired 
batteries is more prominent, and a BMS with high reliability and high accuracy 
is necessary. 

In consideration that the state of the retired battery is difficult to estimate 
and its consistency is poor, propose an SOC comprehensive estimation method, 
build an SOC prediction model, and develop a BMS aiming at the performance 
of retired batteries combined with a smart time-sharing active and passive 
mixed-equalization technology. 


2.8.3.1 Based on the Ampere-Hour Integral Method, Open Circuit 

Voltage Method, and Correction Factor SOC Comprehensive 

Estimation Method 

2.8.3.1.1 Selection of SOC Estimation Methods 

A phosphoric acid iron battery has an extremely flat voltage charging and dis- 
charging platform compared with other LIBs, such as manganese acid lithium 
batteries and cobalt acid lithium batteries. Namely, even if the difference of 
capacity of phosphoric acid iron batteries is relatively large in the period of a 
voltage charging and discharging platform, its difference with open-circuit 
voltage is also extremely small, so that the error of SOC estimation by adoption 
of the open circuit voltage method in the period of phosphoric acid iron battery 
platform is relatively large; in general, SOC estimation aiming at a phosphoric 
acid iron battery is conducted through adopting an ampere-hour integral 
method or open circuit voltage method mainly. 

To avoid accumulative error caused by adoption of the ampere-hour integral 
method, and give simultaneous consideration to the practicability and accu- 
racy of SOC estimation aiming at retired batteries, the combination of ampere- 
hour integral method and open circuit voltage method is proposed, which is 
assisted by a comprehensive estimation method of several correction factors. 


2.8.3.1.2 Building of SOC Mathematical Model 

To improve the accuracy of SOC estimation, with the ampere-hour integral 
method and open circuit voltage method as a mathematical model, introduce 
the correction factor, and build the mathematical model as follows: 


t 
Q =K KK -Q, +(1-K, )Oo + KK; [i (t)ae (2.15) 
0 
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where: 


Qx Charging capacity of retired battery at Time t, Ah; 

Qo: Initial charging capacity of retired battery at Time ty under the open circuit 
voltage, Ah; 

Qo: Charging capacity of retired battery when ending the last charge and 
discharge, Ah; 

Ky Kw: Correction factor of Qo corresponding to cycle life of battery and tem- 
perature factor; 

Kp Kg Correction factor of charging and discharging current and temperature 
based on ampere-hour integral method; 

K, The constant that indicates whether the self-recovery effect is ended — 1 indi- 
cates that it has been ended, and 0 indicates that it has not been ended; and 
I(t): Charging and discharging current of retired battery at Time t — the positive 

sign means charge, and the negative sign means discharge. 


2.8.3.1.3 Confirmation of Database and Correction Factor 

Whether the SOC estimation mathematical model has practicability and accu- 
racy, in addition to relying on accurate detection of parameters such as current 
and temperature, it also depends on effective building of a relevant database 
and accurate confirmation of correction factor. 

Conduct a large number of test studies aiming at the retired battery, and 
make data processing and simulation by virtue of relevant mathematical simu- 
lation software, to obtain databases such as SOC-OCV and correction factor 
(function). 


SOC-OCV Database Based on the principle of the least squares method, adopt 
a polynomial regression algorithm for the test data of a retired battery, which 
is fitted by virtue of MATLAB software, and confirm the function relationship 
of SOC-OCV to form a database. 


Experiment 

Experimental battery: Retired 14 Ah lithium iron phosphate soft-pack battery. 

Experiment methods: Under the ambient temperature of (25 + 2) °C, charge the 
battery to 3.65 V by I3 current, and put it aside for 2 hours. When discharg- 
ing to corresponding SOC (10, 20, 30, 40, 50, 60, 70, 80, and 90%), measure 
its open circuit voltage after putting aside for 2 hours. Continue the process 
of discharge, putting aside, and measurement, until the battery is discharged 
to cutoff voltage of 2.5 V. 


Under the ambient temperature of (25 +2) °C, discharge the battery to 2.5V 
by I3 current, and put it aside for 2 hours; when charging to corresponding 
SOC (10, 20, 30, 40, 50, 60, 70, 80, and 90%), measure its open circuit voltage 
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after putting aside for 2 hours. Continue the process of discharge, putting 
aside, and measurement, until the battery is charged to cutoff voltage of 3.65 V. 
The result of data analysis and function fitting is shown as Figure 2.125. 


Kı Correction Factor The function relationship of SOC-OCYV at different cycle 
life stages of a battery, particularly for the retired battery, will have some 
changes. A certain degree of degradation will be suffered by its properties 
such as internal resistance, voltage platform, and capacity compared with an 
in-service battery. Therefore, the function relationship of SOC-OCV is 
applied directly by adoption of the open circuit voltage method; the estima- 
tion error of SOC will be relatively large. For that reason, it is particularly 
important to correct the function relationship of SOC-OCV based on a factor 
of cycle life. 


Experiment 

Experimental battery: Retired 14 Ah lithium iron phosphate soft-pack battery. 

Experiment methods: Under the ambient temperature of (25 +2) °C, conduct 
the charging and discharging cycle to the battery by Current 13, with charg- 
ing and discharging cutoff voltage of 2.5—-3.65V. In accordance with the 
above-mentioned method on building SOC-OCV database, record the 
corresponding voltage - SOC data at 100 cycle, 200 cycle, 300 cycle, 400 
cycle, 500 cycle, and 600 cycle, of retired battery, respectively. 


Experimental Data Compilation With SOC as the X-coordinate and Voltage as 
the Y-coordinate, list the voltage - SOC curve corresponding to different 
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Figure 2.125 Basic map diagram of the corresponding relationship between open circuit 
voltage and SOC, taking a manganese acid lithium battery as an example. 
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Figure 2.126 Battery voltage under a different cycle life and SOC corresponding curve, 
taking a manganese acid lithium battery as an example. 


cycle numbers (100 cycle, 200 cycle, 300 cycle, 400 cycle, 500 cycle, 600 cycle) 
into the same rectangular coordinate axes. See Figure 2.126. 


DataAnalysisand Function Fitting Analyze the data based on the above-mentioned 
data through MATLAB, and fit correction function K,=f (cycle life) of the 
SOC-OCV curve at a series of cycle life stage. At the different cycle stages, 
correct the SOC-OCV curve through calling the corresponding K, value, and 
complete SOC estimation based on a corrected curve through an open circuit 
voltage method. 


Kio Correction Factor The corresponding relationship between SOC and OCV 
will be also changed under the different temperature conditions, therefore, the 
correction factor Kio based on the temperature factor is proposed on the basis 
of former function relationship of SOC-OCV. The correction is conducted 
through temperature correction factor, so as to improve the accuracy of SOC 
estimation based on open circuit voltage method. 


Experiment 

Experimental battery: Retired 14 Ah lithium iron phosphate soft-pack battery. 

Experiment methods: The ambient temperature (0, 5, 10, 15, 20, 25, 30, 35, 40, 
and 45°C) is changed only, which is similar to the test method on building 
SOC-OCYV database. 


Lab Data Compilation With SOC as the x-coordinate and OCV as the y-coordinate, 
list the SOC-OCV curve corresponding to the different temperatures under 
the same rectangular axes. See Figure 2.127. 
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Figure 2.127 Battery voltage under a different cycle life and SOC corresponding curve, 
taking a manganese acid lithium battery as an example. 


Data Analysis and Function Fitting Analyze the data based on the above-mentioned 
data through a software tool, and fit the correction function K,, =f (tempera- 
ture) of an SOC-OCV curve under a series of temperatures. Under different 
ambient temperatures, correct the SOC-OCV curve by calling the correspond- 
ing Kio value, and complete the SOC estimation based on a corrected curve 
through open circuit voltage method. 


Kı Correction Factor Build the corresponding relationship between discharging 
current and discharging capacity through testing, and make a simulation based 
on the limited data to obtain the function relationship between discharging 
current and discharging capacity, so as to propose a K; correction function =f 
(current) based on the ampere-hour integral method. See Figure 2.128. 


K, Correction Factor Build the corresponding relationship between ambient 
temperature and discharging capacity through testing, and make a simulation 
based on the limited data to obtain the function relationship between ambient 
temperature and discharging capacity, so as to propose a K, correction func- 
tion =f (current) based on the ampere-hour integral method. In the process of 
estimation of SOC by the ampere-hour integral method, obtain the corre- 
sponding K, correction factor according to the temperature value of T at a 
certain time, and correct the temperature at such time. 
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Figure 2.128 Corresponding curve of a manganese acid lithium battery. 


K, Correction Factor The judgment standard of K, =1 or 0 is that the retired 
battery stops work to make the raise rate of its open circuit voltage lower than 
1 mV/min, with Time t. 

The Time t required for the battery to reach full standing is related to state of 
the SOC before the battery stops discharging, current value, and change rate, 
and so on, of which state of the SOC before the battery stops discharging is the 
main influencing factor; Through test analysis and combination of MATLAB 
fitting, confirm the function relationship between SOC when the battery stops 
discharging and standing Time t. 
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2.8.3.1.4 Application Form of SOC Mathematical Model 
This is applicable to different SOC mathematical models aiming at the differ- 
ent working states of retired batteries, which is described in detail as follows. 


The Retired Battery Is in a Working State SOC mathematical model: 


t 
Q =K;KoQ+K;K; fi(t)dt (2.16) 
0 


The Retired Battery Is in an Off-Working State The situation is divided into two 
kinds in case the retired battery is in an off-working state. This is as follows: 


1) The self-recovery of voltage of the retired battery is ended, and the SOC 
mathematical model is: 


Q: =KKi.K,Qo (2.17) 


2) The self-recovery of voltage of the retired battery is not ended, and the SOC 
mathematical model is: 


Q =Q% (218) 


2.8.3.1.5 SOC Estimated Schematic Diagram 

Prepare the following SOC estimated schematic diagram by combining the 
above-mentioned retired battery SOC mathematical model and its application 
form. (See Figure 2.129.) 


2.8.3.2 Design of a Retired Battery Equalization System 

The single active or passive equalization method is basically adopted for the 
equalization method of the current BMS. However, these two kinds of equali- 
zation mode have defects. The passive equalization belongs to lossy equaliza- 
tion; its equalizing current is relatively small, which is dozens of milliampere 
generally, with slow equalization speed and low efficiency. Although the equal- 
izing current is large for the active equalization, which can reach 1 A, the error 
of equalization is large, and its reliability is low. With a combination of the 
advantages of two modes, the writer proposes smart time-sharing active and 
passive mixed equalization to solve this problem. 

The smart time-sharing mixed-equalization BMS includes the main control- 
ler, and the signal input end and output end of the main controller are connected 
to the current and voltage collection unit, which is used to collect the voltage 
and current of single cells and equalization units, respectively, of which the 
equalization unit includes the active equalization circuit and passive equaliza- 
tion circuit. The signal output ends of the main controller are connected to the 
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Figure 2.129 SOC estimated schematic diagram. 


display unit, and the liquid crystal display (LCD) display screen is adopted for 
the display unit. A voice prompt unit is played through an audio amplifier 
circuit and loudspeaker, so that the humanization of the product is fully 
reflected. Figure 2.130 and Figure 2.131 are a structure diagram and circuit 
diagram of a smart time-sharing mixed-equalization BMS. 

The equalization unit consists of an active equalization circuit, passive 
equalization circuit, controller MCU, switch matrix, and battery, of which 
the controller MCU is connected to the switch matrix through an SPI bus, 
the active equalization circuit and passive equalization circuit are connected 
to the battery module through a switch matrix, the battery module consists 
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Figure 2.130 Structure diagram of a smart time-sharing mixed-equalization BMS. 
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Figure 2.131 Circuit block diagram of a smart time-sharing mixed-equalization BMS. 
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Figure 2.132 Equalization unit circuit block diagram of a smart time-sharing mixed- 
equalization BMS. 


of multiple single cells, and the controller MCU and the main controller are 
communicated through a CAN bus. The controller MCU judges the battery’s 
current working state according to the obtained voltage and current informa- 
tion, analyzes which equalization mode needs to be adopted, and controls 
the switch matrix, namely Switch SW1-SWn is shifted to the required part of 
the equalization circuit, to realize dynamic equalization and reach the 
optimal efficiency. See Figure 2.132 for an equalization unit circuit block 
diagram. 

The signal input end and output end of the main controller are connected to 
the thermal management unit, electric quantity management unit, and control 
unit of the battery charger; and the main controller and current and voltage 
collection unit, equalization unit, voice prompt unit, display unit, thermal 
management unit, transmission unit, electric quantity management unit, and 
control unit of the battery charger are communicated through the CAN bus; 
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the transmission unit is adopted for the transmission unit. The function of the 
main controller is shown as follows: obtain voltage and current information 
from a current and voltage collection unit through a CAN bus, obtain the 
electric quantity value through a software algorithm, and show it on an LCD 
display screen. The main controller obtains voltage and current information 
from the current and voltage collection unit through the CAN bus, judges the 
current charging state and charging voltage, and controls the on-off of the 
charging switch, to realize safety protection. The main controller obtains 
temperature information from the thermal management unit through the 
CAN bus, and controls ambient temperature through a proportional-integral- 
derivative (PID) algorithm, to realize constant temperature and ensure safety. 
The main controller controls the transmission unit through the CAN bus; it 
also controls the vehicle-mounted loudspeaker through the CAN bus to 
prompt the information of the current system. 

The active equalization circuit includes a control chip, of which the con- 
trol chip adopts MC9S08; the signal output end of the control chip is con- 
nected to the grid electrode of the MOS pipe; for the MOS pipe, its drain 
electrode is connected to a switch matrix through a power inductor and 
transformer, and the source electrode of the MOS pipe is connected to the 
switch matrix. An MC9S08 chip controls the conduction of the MOS pipe 
through judging that the voltage of one battery needs to discharge according 
to the voltage information obtained from each single cell, and charge other 
batteries through the transformer. If the measurement of the MC9S08 chip 
shows that the battery voltage of single cell B1 is higher than that of single 
cell B2, control the energy of single cell B1 to shift onto single cell B2. First, 
conduct Triode Q1 to make single cell B1 realize primary energy storage on 
Power Inductor L1 and the transformer initially; secondly, disconnect Triode 
Q1 to make primary energy storage in the transformer realize secondary 
coupling, and store the energy onto single cell B2 through Diode D21 and 
Power Inductor L2, to raise voltage and realize equalization. See Figure 2.133 
for a circuit diagram of an active equalization circuit, switch matrix, and 
battery module. 

The passive equalization circuit (Figure 2.134) includes a control chip that 
adopts the MC9S08 chip; the signal output end of the control chip is connected 
to the signal input end of the driver chip that adopts the 74595 chip; the signal 
output end of the driver chip is connected to the grid electrode of the MOS 
pipe; and the source electrode and drain electrode of the MOS pipe are con- 
nected to the switch matrix through discharging resistance. The MC9S12 chip 
analyzes, judges, and controls the working of 74595 chips according to the volt- 
age information obtained from each battery, and controls the conduction of 
the corresponding MOS pipe of this channel when the voltage of one battery 
needs discharge; the discharging resistance of a corresponding single cell 
discharges through the MOS pipe. 
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Figure 2.133 Circuit diagram of an active equalization circuit, switch matrix, and battery module. 
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Figure 2.134 Circuit diagram of a passive equalization circuit, switch matrix, and battery 
module. 


2.8.3.3 Design of a Hardware System of a Smart Time-Sharing Active 

and Passive Mixed-Equalization System 

2.8.3.3.1 System Overview 

A BMS has the functions of data collection, state estimation, thermal manage- 
ment, data communication, display of data state, safety management, energy 
management, fault diagnosis, and so on. A functional block diagram is shown 
in Figure 2.135. The estimation of the battery state includes SOC estimation 
and SOH estimation. SOC provides information related to the residual elec- 
tricity quantity of the battery. At present, the SOH technology is immature. 
Generally, study and judge the data collected for the long term through a build- 
ing expert system, and judge the health state of the battery, which is realized for 
a BMS system through a smart self-learning algorithm and ex-factory calibra- 
tion mode. The data collection includes the voltage collection of a single cell, 
battery temperature collection, and charging and discharging current collec- 
tion, providing data for thermal management, energy management, safety 
management, estimation of battery state, and so on. Thermal management 
refers to a building management strategy by BMS to control the working of the 
battery thermal management system and make the battery module in the scope 
of optimal working temperature. Data communication refers to the function of 
data exchange between the BMS and off-board equipment such as the upper 
computer and battery charger. Safety management refers to the BMS sending 
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Figure 2.135 Functional block diagram of a BMS. 


an unsafe-state alarm when the voltage, current, temperature, SOC, or the like 
of a battery module are in an unsafe state, and conducting emergency treat- 
ment such as disconnection according to the safety state. Energy management 
controls the whole charging and discharging process of the battery module, 
including the equalization of electric quantity to a monomer or module in the 
battery module. For fault diagnosis, it finds the failed monomer or module in 
the battery module in a timely manner by use of an expert system, to conduct 
fault analysis and location. A smart equalization BMS integrates the setting of 
the index parameter and display of test data, to detect the working state of the 
battery module and BMS in real time; in addition, it can provide historical data 
for analysis. The system adopts the communication and control mode of a 
serial connection of upper and lower computers, and all functions are realized 
on a PC using the Windows platform. 


2.8.3.3.2 System Composition 

The battery module is made through serial connection of several single bat- 
teries; the quantity of single cells is more, and the quantity of battery infor- 
mation required to be collected is large. There are two kinds of BMS 
structures, centralized collection and distributed collection. For central- 
ized-collecting BMSs, all collecting lines of a single battery (temperature 
collecting line, total voltage collecting line, total current collecting line and 
control line, etc.) are accessed into one control module, to realize all func- 
tions of collection, computation, and management. A centralized-collecting 
BMS is generally integrated into one battery box with the whole battery 
module. The basic idea of a distributed-collecting BMS is to divide the serial 
battery module into groups, and the collection and processing of monomer 
information are conducted by one local unit for each group of batteries. 
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Functions such as charging and discharging management, equalization 
management, temperature management, state estimation, and safety man- 
agement for the upper layer are realized by one main control unit. Data 
interaction among units is conducted through an internal CAN bus. For 
distributed-collecting BMSs, it is general to integrate local units and battery 
modules together, and the main control unit is integrated with DC contactor 
and fuse wire, and so on. Binning a serial connection is realized for the bat- 
tery module, which is convenient for arrangement on the vehicle. With con- 
sideration of the dynamic inconsistency of performance of the current 
battery and layout of the battery box, and the combination of development 
status and trends of BMS technology, the BMS is arranged by adoption of a 
centralized structure, and the main control module and high-voltage control 
circuit are arranged in the main control box, which is realized by adoption 
of the same collection module. The overall structure block diagram of the 
BMS is shown in Figure 2.136. In this figure, the main control module 
receives the corresponding measuring information mainly through commu- 
nication of the internal detection module and high-voltage detection mod- 
ule, and realizes functions such as charging and discharging management, 
equalization management, temperature management, state estimation, 
safety management, and data communication. 


2.8.3.3.3 Realization of Module 

Master Control Module A core MCU Level DZ60 of automobile selected DZ60 
adopts a high-performance static CMOS technology. Its basic frequency can 
reach 150 MHz, with low-power-consumption design and JTAG boundary 
scan interface supported, of which a FLASH memorizer is equipped for 64 KB, 
and RAM is equipped for 18 KB, to provide external setting of serial port com- 
munication of an SCI, SPI, and CAN and meet the design and control demands. 
See Figure 2.137 and Figure 2.138, respectively, for the main control module 
block diagram and main control flow diagram. 


Detection Module Functions such as voltage measurement of single battery, 
temperature detection, and current detection are realized in the detection 
module; see Figure 2.139 for a detection module block diagram. 


2.8.3.4 Software Design of a Smart Time-Sharing Active and Passive 
Mixed-Equalization System 
The main function flow diagram of the BMS lower computer is shown in 
Figure 2.140. The overall design of software of the upper computer is shown in 
Figure 2.141. 

The power-on and power-off flow of the system is shown in Figure 2.142, 
and the interface of software is shown in Figure 2.143. 
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Figure 2.136 General block diagram of a BMS. 
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Figure 2.137 Main control module block diagram. 
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2.8.3.5 BMS Prototype Tests 


Based on a 20Ah retired monomer battery, complete the module repacking of a 
2P245S retired battery, and build a prototype test platform of a retired BMS by adop- 
tion of a master-save structure of a retired BMS. See Figure 2.144 for a test platform. 
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Figure 2.138 Control flow of a main control module. 


2.8.3.6 BMS Test Content 
1) Accuracy test: Conduct a charging and discharging test to a retired battery 
module by adoption of a battery charger and discharger, and detect whether 
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Figure 2.139 Detection of a functional block diagram. 
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Figure 2.140 Main function software flow diagram of a lower computer. 
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Figure 2.141 Overall design flow diagram of software of an upper computer. 
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the BMS can conduct voltage collection of a single cell, total voltage collec- 
tion, total current collection, temperature sampling, insulation monitoring, 
and SOC estimation through an LCD screen or background software, and 
whether the requirements on collection accuracy are met. 

2) Protection function test: According to each alarm parameter, test whether 
the alarm is given when exceeding the Level 1 threshold value, and whether 
the relay acts when exceeding the Level 2 fault threshold value. 
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Figure 2.142 Power-on and power-off flow diagram of system. 


averen 
Doniedaiskai 


neata or 
Steen 
newman 
Masern ne ewe ser 
OR ME HE het CHORE) ThE He E e en O a come wee ansa nasa 
nwo neonan 


C 


Figure 2.143 Software interfaces of a BMS. 
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Figure 2.144 Prototype test platform of a retired BMS. 


3) Communicating function test: Test whether communication of CAN is nor- 
mal through connecting the BMS to background by use of a CAN-USB 
convertor. 

4) Equalization function test: The BMS owns the functions of active equaliza- 
tion + passive equalization in the process of charge and discharge, testing 
whether the equalization function is effective through an oscilloscope, 
and so on. 

5) Continuous switch-on and run test: Connect the BMS to a retired battery 
module, and make it communicate with the background through a CAN- 
USB convertor. Make the device run in a state of uninterruptible power for 
3 days, and observe whether there are abnormalities. 


2.8.3.7 BMS Test Results 
1) Accuracy test — total voltage and total current (with a 30min interval for 
each group of data). (See Table 2.34.) 


2) Accuracy test — voltage of single battery and SOC (measured at the same 
time). (See Table 2.35.) 
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Table 2.34 Accuracy test I. 


Accuracy test - total voltage and total current 


Total Total current Errorof Total Total voltage Error of 
current in actual total voltage in actual total 
Test conditions set measurement current displayed measurement voltage 
Stop status 0 0 0 158.7 158.88 0.18 
10 A discharge 9.97 9.8 -0.17 150.2 150.0 -0.2 
10 A discharge 9.8 9.8 0 150.1 149.86 -0.24 
10 A discharge 9.97 9.8 -0.17 148.7 148.48 -0.22 
10 A discharge 9.97 9.8 0 147.0 146.70 -0.3 
10 A charge 9.95 9.8 -0.15 161.9 162.08 0.18 
10 A charge 9.95 9.8 -0.15 165.8 166.07 0.27 


3) Accuracy test — temperature (with a 30 min interval for each group of data). 
(See Table 2.36.) 

4) Protection function test (see Table 2.37). 

5) Communication function test: The background can receive the message 
information sent by the BMS normally after the BMS is connected to the 
background by the use of a CAN-USB convertor, including voltage of a single 
battery, total voltage, total current, temperature, and system information. 

6) Continuous switch-on and run test: Connect the BMS to a retired battery 
module, and make it communicate with the background through a CAN- 
USB convertor. Make the device run in the state of uninterruptible power 
for 3 days, which works normally, without abnormal phenomena such as a 
dead halt or communication outage. 

7) Test summary 


1) 


Combine the ampere-hour integral method and open circuit voltage 
method, which is assisted by an SOC comprehensive estimation method 
of several correction factors. and build an SOC prediction model, of 
which the measuring error of the SOC is lower than 8%, reaching the 
expected target. 

An HNEPRI-BMS-ZBO01 BMS for performance of retired batteries is 
developed and combined with smart time-sharing active and passive 
mixed-equalization technology. Technical parameters are as follows: 
detection error of voltage is lower than 0.5% (3-6 V). Detection error of 
temperature is lower than +1°C (-40 to 125°C). Measuring accuracy of 
current is 0.5% (—300 to 300 A). Detection error of electric leakage is 
lower than 8%. Working temperature of -25 to 75°C meets the require- 
ments of a retired battery module on a management system. 


Table 2.35 Accuracy test Il. 


Accuracy test - voltage of single battery and SOC 


Voltage Voltage of single 

displayed of battery in actual Error of voltage Display Theoretical Error of 
Test conditions Battery no. single battery measurement of single battery value of SOC value of SOC SOC 
Stop status 1-12 3.328 3.321 0.007 87% 80% 8.8% 
Stop status 1-19 3.291 3.302 0.011 71% 66% 7.6% 
Stop status 1-24 3.291 3.308 0.017 71% 66% 7.6% 
Stop status 2-2 2.292 3.303 0.011 15% 14% 6.7% 
Stop status 2-16 3.342 3.338 -0.004 89% 83% 7.2% 
Stop status 2-24 3.305 3.317 0.012 79% 72 9.7% 
10 A discharge 1-12 3.09 3.07 ~ 3.09 -0.02 ~ 0.0 46% 42% 9.5% 
10 A discharge 1-19 3.14 3.19 ~ 3.17 0.05 ~ 0.03 60% 55% 8.3% 
10 A discharge 1-24 3.18 3.11 ~3.18 -0.07 ~ 0.0 62% 58% 6.9% 
10 A discharge 2-2 3.125 3.103 ~ 3.11 -0022 ~ -0.015 55% 51% 7.8% 
10 A discharge 2-16 3.12 3.135 ~ 3.136 0.015 ~ 0.016 53% 49% 8.2% 
10 A discharge 2-24 3.086 3.09 —0.004 41% 38% 7.9% 
10 A charge 1-12 3.477 3.473 ~ 3.472 —0.004 ~ —0.005 91% 86% 5.8% 
10 A charge 1-19 3.43 3.37 ~ 3.371 —0.06 ~ -0.061 89% 84% 6.0% 
10 A charge 1-24 3.396 3.475 ~ 3.42 -0.079 ~ 0.024 88% 83% 6.0% 
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Table 2.36 Accuracy test Ill. 


Accuracy test - temperature and insulation 


Position Position 

Maximum of the Minimum of the Average 
Test temperature maximum temperature minimum temperature Temperature 
conditions (°C) temperature (°C) temperature (°C) error (°C) 
Stop status 7 2-2 6 2-6 6 1 
10A 7 2-6 6 1-4 6 1 
discharge 
10A 7 2-7 7 2-6 7 0 
discharge 
10A 9 2-2 8 2-6 9 1 
charge 
10A 8 2-3 7 2-6 8 1 
charge 


2.8.3.8 Further Study Directions and Development Trend of BMSs 

Compared with control technology of motor and battery technology, the BMS 
is not very mature [130]. BMSs, as one of the key technologies of EVs, have 
greatly improved in recent years, and many aspects have entered the actual 
application stage. However, some parts are still incomplete that need to 
improve further, particularly the reliability of collected data, estimation accu- 
racy of SOC, SOC safety management, and so on. 


1) The main technology difficulties in the design of BMSs are: a large quantity 
of data required to collect, with a high requirement on accuracy; the nonlin- 
ear variation of the battery state restricts the prediction accuracy of SOC; a 
complex internal circuit; poor safety; and a high requirement on anti-jam- 
ming capability. 

2) According to the functional requirements of BMSs and problems in the cur- 
rent study, future studies will focus on how to grasp the change rule of inter- 
nal state of the battery, correct estimations of the SOC by using more 
effective modes and more suitable algorithms, and reduce estimation error 
of the SOC. 

3) How to solve the safety problem of a battery in the design of a safety man- 
agement and control functional module of a BMS, for example: realize the 
equalizing charge of a battery module, avoiding leakage of high voltage and 
high current to prevent people from injuring; and especially controlling bat- 
tery safety under the condition of impulse action (when colliding), which 
also needs a large number of test studies. 


Table 2.37 Protection function test. 


Basis used to Basis used 
judge Level 1 to judge 
No. Items fault Duration Test results Level 2 fault Duration Test results 
1 Unbalanced >8°C 10s Normal >10°C 2s Norma 
temperature 
2 Unbalanced voltage for >0.4V 10s Normal >0.8V 2s Norma! 
single battery 
Over temperature >50°C 10s Normal >55°C 2s Norma 
4 Overvoltage for single >3.7V 10s Normal >3.8V 2s Norma 
battery 
5 Undervoltage for single <2.8V 10s Normal <2.5V 3s Norma 
battery 
6 Overvoltage for total >840 V(3.5 V) 10s Normal >852V 2s Norma 
voltage (3.55 V) 
uh Undervoltage for total <672V (2.8V) 10s Normal <480V 2s Normal 
voltage (2.0V) 
8 Overcurrent of charge >48 A (0.3 C) 5s Normal >160 A (1 2s Normal 
C) 
9 Overcurrent o; >48 A (0.3 C) 5s Normal >160 A (1 2s Normal 
discharge C) 
10 SOC is too high >95% 10s Normal >98% 2s Normal 
11 SOC is too low <40% 5s Normal <35% 2s Normal 
12 Insulation fault <500 2s Normal <100 Q/V 2s Normal 


Q/V > 100Q/V 
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4) The effect is quite ideal when many BMSs are applied into a certain type of 


battery at present, but it is difficult to apply to other types of battery. 
Therefore, it is a current trend to develop more universal BMSs. 
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3.1 Research for Microgrid Simulation Platform 


Power battery reuse projects involve huge investments and complex technologies. 
In normal cases, design schemes need to be subject to repeated demonstra- 
tions and research before the implementation of these projects. By building a 
microgrid simulation platform, simulation verification and optimization study 
for control strategies and their realization means were conducted and the 
requirements for safety, capacity, energy, power, efficiency, charging and 
discharging methods, charging and discharging response performance, and 
depth of discharge of energy storage batteries in targeted applications, espe- 
cially lithium-ion batteries, were studied, which could better facilitate the 
advancement of power battery reuse in practical demonstration [1,2]. 

The microgrid simulation platform was built according to investigation 
results of the operation of energy storage systems in different applications, 
based on the mathematical models for photovoltaic (PV) power generation, 
wind power generation, and storage batteries and in combination with some 
testing data. 


3.1.1 PV Simulation 


PV system simulation development was carried out based on power generation 
characteristics of PV elements, a model of a PV power generation system, 
a solar radiation intensity calculation model, and a mathematical model of a 
battery. 

Figure 3.1 shows the simulation model built by reference to the equivalent 
circuit of a PV battery and using simulation tools. 

A controllable source of electric current was used to simulate photo-generated 
current. The PV battery characteristics simulation model was mainly used to 
simulate the model indicating the relationship between current and voltage, 
and that between output voltage and power in cases of invariant simulation 
illumination. Thus, a constant term may be used to simulate solar intensity as 
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Figure 3.1 Simulation model with photovoltaic (PV) battery characteristics. 


Examples for Reuse of Power Batteries 


the input term of the controllable power source for simulating photo-generated 
current. The diode may also be simulated by a controllable source of current. 
A fully convolutional network (FCN) model was used to control its current. The 
formula for input of the model is: 


ene fexe( 2) 


The model for a PV power generation system established in this chapter is 
mainly used to simulate the illumination characteristics of a fixed PV power 
generation system as well as changes in voltage, current, and output power of 
the system at any time of the year, without considering the impact of atmos- 
pheric transparency. In view of limited time, a simulation of maximum power 
point tracking (MPPT) functions and an automatic tracking system are not 
taken into account. Three models are mainly included: a model for calculation 
of the incident angle when the sun revolves, a model for calculation of illumi- 
nation intensity received by the solar panel, and a PV battery module, as shown 
in Figures 3.2, 3.3, and 3.4, respectively. 

The dynamic characteristic simulation results for a PV power generation 
system based on these models are described as follows: 

The PV battery characteristics model was simulated. When setting the 
photo-generated current as 9 A, parallel resistance as 10 kQ, and serial resistance 
as 0.01 Q, the characteristics of load resistance when it changes from 0 Q to 
50 Q are shown in Figure 3.5. 

The PV power generation system was simulated. When set at the installation 
site of a PV power generation system in Zhengzhou City (113.7°E, 33.4°N), 
with installation orientation as south, angle of inclination as 33°, atmospheric 
transparency as 80%, surface albedo as 0.4 (cement surface), and simulation 
time as from 06:00 to 18:00, the power curves at the Vernal Equinox, Summer 
Solstice, and Winter Solstice could be drawn, as shown in Figure 3.6. 

The PV battery output characteristic curve and power characteristic curve at 
different loads were obtained. The system simulation model simulated the 
solar radiation characteristics and the relationship between generated power 
and time when the sun revolves to the equatorial zone, the Tropic of Cancer, 
and the Tropic of Capricorn. Simulation results indicate that the output of the 
PV battery is linear and that each curve has only one maximum power point. 


3.1.2 Turbine Simulation 


For wind turbine simulation, the model of a motor was built based on the 
simulation model of corresponding wind. 

The wind velocity simulation model established according to the four-component 
wind model is shown in Figures 3.7, 3.8, 3.9, and 3.10. Then, the wind turbine 
model is established as in Figure 3.11. The model for calculating the wind 
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Figure 3.2 Model for calculation of the incident angle when the sun revolves. 
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Figure 3.3 Model for calculation of the illumination intensity received by the solar panel. 
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Figure 3.4 PV battery module. 
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Figure 3.5 Simulation of a current-voltage curve and power-voltage curve. 


power utilization coefficient is shown in Figure 3.12. The corresponding variable- 
speed turbine model is shown in Figure 3.13. Normally, the variable pitch 
controller adopts a proportional—integral—derivative (PID) controller, whose 
control simulation model is shown in Figure 3.14. 

The vector control part mainly includes two functional models, namely stator 
flux linkage observation and feedforward voltage compensation, both models 
of which involve stator pressure 3s/2s transformation, K/P transformation, 
3s/2r transformation of the stator and rotor current, a 2r/2s transformation 
model of rotor voltage, and so on. (See Figure 3.15.) 

In a word, supposing the external power grid was a constant voltage source, 
for the purpose of simplifying the model, the grid-side converter could be 
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Figure 3.6 Relationships between generated power (W)-time at the Vernal Equinox, 
Summer Solstice, and Winter Solstice. 
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Figure 3.8 Gradient wind model. 


replaced with a direct-current (DC) power source. The simulation model of 
a turbine system is shown in Figure 3.16. 

The system was simulated based on the above model and by reference to the 
FD70 wind generator manufactured by the Dongfang Turbine Co. 


Wind field parameters: Basic wind velocity: 13 m/s; maximum velocity of gust: 
19 m/s; and maximum velocity of gradient wind: 16 m/s 

Turbine parameters: Impeller radius: 35 m; moment of inertia: 30,000 kg: m? 

Reduction box parameters: Reduction ratio: 94.7 
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Figure 3.10 Wind velocity model. 


Generator: Rated power: 1.5 MW; rated output voltage: 690 V; rated frequency: 
50 Hz; rotor voltage: 424 V; and rotational inertia: 69 kg-m’. 


The simulation solver adopts the Runge-Kutta method. The simulation step 
size is a variable step, with the maximum value being shorter than 0.00001. 

It can be seen from simulation results that the variable-frequency constant- 
speed wind generator unit starts faster than the constant-speed constant- 
frequency wind generator unit. After reaching the maximum power, the speed 
of the generator will become larger than that of the constant-speed constant- 
frequency wind power generator unit with changes in wind velocity. The power 
of the generator responds to changes in wind velocity. The current, voltage, 
and frequency of the rotor change along with wind velocity, especially during 
the process of starting. The variable-frequency constant-speed generator unit 
is capable of reactive power regulation and active power regulation. 
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Figure 3.11 Wind turbine model. 


272 | Reuse and Recycling of Lithium-lon Power Batteries 


X 
F f(u) e: f(u) 
Cp 


Fen Fen1 


B 


Figure 3.12 Wind energy utilization coefficient model. 
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Figure 3.13 Variable-speed turbine simulation model. 
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Figure 3.14 Variable-speed turbine simulation model. 


3.1.3 Battery Energy Storage System 


The energy storage system model established based on whole-lifecycle data 
and whole-lifecycle cost conversion of batteries mainly involves: the input 
battery’s rated capacity, the rated power of the battery module, the discharging 
time of batteries, as well as the discharging current of the output battery. See 
Chapters 1 and 2 for a detailed introduction. 


3.1.4 Development of Retired Battery Wind Power-PV Power Storage 
Microgrid Situation Platform 


3.1.4.1 Interface Design Technology 
The microgrid demonstration platform is developed under the environment 
of Adobe Flash Cs6 Professional. The program is developed by using 
ActionScript 3.0 (As3.0 for short), and it can conduct data interaction in 
combination with asp. 

In contrast to previous versions, this flash version could produce more 
perfect visual effects as it supports HTML and 3D conversion. It can export 
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Figure 3.15 Vector control model. 
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Figure 3.16 Simulation model of a wind power generation system. 
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many types of files and support internet applications. Among the files supported, 
SWF files are the most common ones in webpage applications. Flash script 
language is a totally object-oriented programming language, with powerful 
functions and varieties of class libraries. It provides a reliable programming 
model and adopts a completely updated display object system architecture. 
Moreover, it has a powerful event-handling system, which could better deal 
with various abnormalities. 


3.1.4.2 Operating Environment for Demonstration Platform 

Install an Asp server, export the Flash file to EXE format, and then double-click 
the EXE file; users can easily run it. Currently, there are many simplified and 
convenient versions of Asp servers. A simplified version is downloaded from 
the internet for use here. Certainly, an IIS server may also be used to run Asp. 
In order to carry about the server easier (e.g., by U-disk) and configure and 
demonstrate it any time, a simplified version from the internet is selected. The 
current version is an exported EXE file. If it is used for internet application or 
any other aspect, it may be exported to SWF format and embedded in the 
webpage. All in all, the version is easy to use and does not require much con- 
figuration or high-cost hardware. 

The main program is a “fla” file, which stores some elements displayed on 
the interface. Scripts are some “as” files. There is a timer thread in mainF.s, 
which starts once every second for updates of interface data, and deployment 
is conducted according to indexes of solar energy, wind power, storage battery, 
and load. The data under the current experimental conditions are obtained 
from Excel via Asp. See Figure 3.17 for the program architecture. 


3.1.4.3 Functions of a Retired Microgrid Simulation Platform 

See Figures 3.18 and 3.19 for the operating principles and interface of a retired 
battery wind power—PV power storage microgrid integrated simulation plat- 
form. The simulation platform can ensure coordination among wind power, 
PV, power and the power storage and reliability of retired batteries under 
different load-dispatching requirements. See Tables 3.1, 3.2, and 3.3 for differ- 
ent scenario-based examples. 


3.2 Multidimensional Sorting Variables of Retired 
Batteries and Target Practical Reuse Applications 


3.2.1 Major Technical Indicators for Retired Battery Reuse 


For reuse of retired batteries, several technical indicators of the battery shall be 
tested to correctly evaluate its remaining value. Five major indicators are listed 
in Table 3.4 [3-5]. According to these indicators, technicians dismantled the 
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Figure 3.17 Architectural diagram of a retired battery wind power-PV power storage 
microgrid integrated simulation platform. 


t time Output of 
wind-power and 
solar—power (P1) 


Supply the 
power for user 


Output of battery 
discharging (P3) 


Supply the 
power for user 


Output of biomass 
power (P2) 


P1+P2+P3=p 
N 
he fuel is 
sufficien 
Output of diesel Supply the 
generator (P4) power for user 


Figure 3.18 Operating principles of a retired battery wind power-PV power storage 
microgrid integrated simulation platform. 
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Figure 3.19 Operating interface of a retired battery wind power-PV power storage 
microgrid integrated simulation platform. 


Table 3.1 Scenario 1: PV+wind power > load demand of Classes 1, 2, and 3. 


Excessive Electric quantity 
No. electric quantity of battery Treatment 
1 Yes Lowest limit of In case of interconnection with power grids, 


electric quantity the mains supply shall be used to charge the 
battery; and, in case of isolated grid, load 
shedding shall be realized. 


2 — 70% of electric Continue charging. 
quantity 

3 — 100% of electric No excessive electric quantity is required. 
quantity 


phosphoric acid iron battery and lithium titanate battery that had been used 
for 18 months on electric buses and tested their parameters. Data comparison 
results are shown in Table 3.5. 

In view of large internal resistance and discrete self-discharging values, the 
retired battery shall be subject to secondary reorganization before its second- 
ary cycle. 


1) The retired phosphoric acid iron battery witnesses a large increase in both 
internal resistance and self-discharging value, indicating serious fading of 
the inside of the battery. 
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Table 3.2 Scenario 2: PV+ wind power=load demand of Class 1, 2, and 3. 


Excessive 
No. electric quantity 


1 0 


Electric quantity 
of battery Treatment 


Lowest limit of In case of interconnection with power grids, the 

electric quantity mains supply shall be used to charge the battery; 
and, in case of isolated grid, load shedding shall 
be realized. 


70% of electric In case of interconnection with power grids, the 

quantity mains supply shall be used to charge the battery; 
and. in case of isolated grid, the battery shall be 
neither charged nor discharged. 


100% of electric Maintain steady voltage. 
quantity 


Table 3.3 Scenario 3: PV + wind power < load demand of Classes 1, 2, and 3. 


Excessive 
No. electric quantity 


1 0 


Electric quantity 
of battery Treatment 


Lowest limit of In case of interconnection with power grids, the 

electric quantity mains supply shall be used to charge the battery; 
and, in case of isolated grid, load shedding shall 
be realized, and no dislocation shall be made to 


the battery. 
70% of electric In case of interconnection with power grids, the 
quantity mains supply shall be used to charge loads; and 
in case of isolated grid, the battery shall be 
discharged. 


Table 3.4 Five most notable indicators of a retired battery. 


No. Item 
1 Safety 
2 Capacity 


3 Internal 
resistance 


4 — Self-discharging 


5 Secondary cycle 
life 


Remarks 


Similar to the new battery, safety indicators of the retired battery 
shall be satisfied. 


Normally, the capacity of the retired battery is 80-85% of that of 
the new battery. A more discrete capacity layout requires 
reselection and regrouping. 


Normally, the internal resistance of the retired battery is 50—100% 
of that of the new battery. More discrete capacity layout requires 
reselection and regrouping. 


In case of increased discharging of the retired battery, it may be 
associated with dropping of pole piece, formation of lithium 
dendrite, etc. It would impact the reuse of battery and may cause 
potential safety hazards, which needs close attention. 


The retired battery with 80% capacity does not mean it still has 
80% remaining value. When the retired battery is reused, it has the 
same speed of cycling capacity fading with that of the new battery 
and remains accelerated and rapidly fading, which is the most 
important factor impacting the evaluation of its remaining value. 
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Table 3.5 Comparison on data of new and retired phosphoric acid iron batteries 
and lithium titanate batteries. 


Phosphoric acid iron and lithium titanate battery 


Type New battery Retired battery 

Safety Passed safety testing, including puncture and overcharging 

Capacity 26 Ah 18 Ah 

Internal resistance (mQ) 0.8 2.1 

Self-discharging 8% 13% 

Secondary cycle = 2000 times, with capacity being reduced 
again by 20% 


2) The secondary cycle’s testing result indicates that the phosphoric acid iron 
battery exhibits no sign of accelerated fading in comparison to a new battery. 
Thus, its life of secondary use may be roughly estimated. 

3) Quick charge dominates among methods of charging lithium-ion batteries 
on electric buses. If the retired battery could be used for energy storage, its 
working conditions would be obviously improved: free of vibration, with a 
relatively stable room temperature and low charge—discharge rate. All these 
guarantee that the tired battery would obtain a longer service life than 
expected if it could be used for energy storage. 


3.2.2 Target Practical Reuse Application Analysis 
and Multidimensional Variable Sorting of Retired Batteries 


Energy storage type lithium-ion batteries vary a lot, although they are widely 
used in different fields. For example, these batteries are used in both electric 
vehicles and power grid energy storage applications; however, for electric vehicles, 
there are strict requirements for endurance mileage as well as battery volume 
and weight. When the battery’s capacity is reduced to no more than 80% of its 
initial capacity, its endurance mileage significantly decreases. Nevertheless, for 
a power grid energy storage system, these batteries still have great value of use. 
A battery with no more than 80% of its total capacity may continue to be used 
for power grid energy storage or as a power source for low-speed vehicles such 
as special-purpose electric course-cars. Gradient reuse may allow sufficient 
exhibition of power battery value so as to reduce battery costs during the use 
of vehicles and facilitate early popularization of electric vehicles. 

The specific demands of various battery applications for battery performance 
are analyzed in the remainder of this section, in attempts to find the optimal 
battery reuse applications. 
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3.2.2.1 Transportation Power Sources 

According to their specific purposes and applications, transportation power 
sources may be divided into the following types: power sources for electric 
bicycles, electric motorcycles, electric automobiles (either hybrid power or 
pure electric power), electric omnibuses or medium-sized buses (either 
hybrid power or pure electric power), and special vehicles (golf cart, 
sightseeing cars, engineering cars, sweeping cars, forklifts, police patrol cars, 
balance cars, etc.). 


3.2.2.1.1 Electric Vehicle Power Source 

Undoubtedly, an electric vehicle’s power source gets the greatest attention in 
the transportation power source field. Electric cars represent the trend of new- 
energy vehicle development. The battery is the key to the development of a 
conservation-oriented society, as it is the main power source for electric cars. 

Electric vehicles may fall into the following categories: pure electric vehicles 
(PEVs), series hybrid electric vehicles (SHEVs), and parallel hybrid electric 
vehicles (PHEVs). In different structure, the three types vehicles have different 
requirements for battery performance. 

A PEV is driven only by battery. It requires a battery with high energy density 
to ensure excellent driving distance. For hybrid electric vehicles, the key is to 
increase the combustion rate of gasoline. Both the motor and generator for 
battery charging are embedded in the drive system. Thus, the battery only 
needs to have a rated capacity equal to 1/5 ~ 1/3 of that of a PEV. The battery of 
a SHEV requires higher output power; a PHEV adopts the motor and engine, 
and its battery is used only for enhancing power in starting or acceleration. 
Thus, a PHEV battery only needs to have 1/20 ~ 1/30 of the rated power of a 
PEV but requires even higher output power. 

It can be seen here that energy storage type lithium-ion power batteries are 
required by PEVs, while power type lithium power batteries by are needed by 
hybrid power type electric vehicles. For different electric vehicles, the retired 
batteries originally used by them appear to be different. 


3.2.2.1.2 Low-Speed Vehicle Power Source 

Low-speed vehicles include electric bicycles, electric motorcycles, and special 
vehicles (e.g., golf cart, sightseeing cars, engineering cars, sweeping cars, and 
forklifts). These vehicles have the following characteristics in common: (1) low 
speed, normally not exceeding 40km/h; (2) short driving mileage, no more 
than 30km in normal cases; (3) a small battery capacity, normally not larger 
than 20 Ah; and (4) no strict requirements for battery volume and weight under 
operating conditions. All these characteristics indicate that all lithium-ion 
power batteries retired from electric vehicles and having 80% or more of their 
initial capacity may be used on these low-speed vehicles. 
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These vehicles are not completely identical, however, but have their own 
characteristics. Under normal operating conditions, the working current of the 
electric bicycle, electric motorcycle, golf cart, electric sightseeing car, and the 
like is not stronger than 1 C, and energy storage type power batteries are appli- 
cable to them. Electric tool cars, including engineering cars, sweeping cars, 
and forklifts, have a working current of 3 C or above as they require greater 
power in operation, and power type batteries are applicable to them. 


3.2.2.2 Electric Energy Storage Power Sources 

Over the past decade, research and development of electric energy storage have 
been given great importance by the energy, transport, electric power, 
telecommunications, and other sectors of many countries. The development of 
new electric energy storage technology is of decisive significance for accelerat- 
ing the development of China’s new energy industry. The applications for energy 
storage technology mainly include electrical peak regulation and improving the 
quality of the power supply. Electric energy storage power sources may be 
divided into the following types according to their applications: large-scale solar 
energy and wind power generation energy storage systems, grid peak regulation 
power sources, uninterrupted power supplies (UPSs), integrated power sys- 
tems, and PV off-grid—on-grid energy storage substation systems. 


3.3 Integrated and Monitoring System of Energy 
Storage Based on Retired Batteries 


3.3.1 Integration of Retired Battery Storage 


An energy storage system based on retired batteries is composed of an energy 
storage battery pile (BP), battery management system (BMS), energy transfor- 
mation unit, backstage monitoring system, energy storage cabinet, and necessary 
electrical elements and power cables. 


1) BP: The model, quantity, and grouping method of lithium-ion batteries that 
satisfy demands may be configured according to the system. The principle 
of short-time charge and discharge shall be fulfilled, to effectively extend 
the service life of batteries. Certain energy redundancy shall be configured 
in the design. 

2) BMS: A BMS shall fulfill the following functions to facilitate the improvement 
of a battery module’s service life: monitoring battery voltage, current, and tem- 
perature to avoid overcharging, over-discharging, overvoltage, undervoltage. 
and other problems; and providing balanced energy management, to conquer 
the differences in consistency among batteries and ensure energy utilization of 
the battery module. 
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3) Energy transformation system: This is used in lithium-ion battery energy 
storage systems and adopts a programmable logic controller (PLC), with 
multiple control means and functions. Interconnection power may be 
automatically regulated according to loads of the power grid. Both charging 
and discharging of lithium-ion batteries may be realized, and the system 
may also act as an independent inverted power source in case of power 
grid outage. 

4) Energy storage cabinet: This cabinet is used for storing batteries and BMSs, 
regulating the layout of wires and cables, protecting equipment, and son on. 
A modular grouping and layering design is adopted to make the energy 
storage battery system beautiful and reliable. 


All components are combined in an organic manner by integration to guarantee 
normal system operation. 


3.3.2 Local Energy Storage Monitoring System 


A local energy storage monitoring system represents the advanced control 
center of the whole retired battery energy storage system (hereinafter referred 
to as an energy storage system). It monitors the operating status of the whole 
energy storage system and guarantees that the latter reaches the optimal oper- 
ating status. A local energy storage monitoring system is a bridge connecting 
the power grid dispatching and energy storage system, and it plays the role of 
communication: receiving dispatching instructions from the power grid on the 
one hand, and distributing power grid dispatching instructions to energy stor- 
age branches on the other hand. Moreover, a local energy storage monitoring 
system monitors the operating status of the whole energy storage system, ana- 
lyzes operating data, and ensures the energy storage system reaches a better 
operating status. The composition of the energy storage monitoring system is 
shown in Figure 3.20. 

An energy storage monitoring system is composed of three layers, namely a 
monitoring host, a communication network, as well as measuring and control 
equipment. 


1) The monitoring host is the core of the energy storage monitoring system and 
plays the role of communication. On the one hand, it receives dispatching 
from the power grid at an upper level and distributes dispatching instruc- 
tions to each energy storage branch according to its operating status. On the 
other hand, it uploads some important operating statuses and parameters, 
including the state of charge (SOC) of the energy storage system; and it 
provides a basis for decision making for dispatching. 

2) The communication network represents the tie line for an energy storage 
monitoring system and connects via a communication network monitoring 
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Figure 3.20 Composition of an energy storage monitoring system. 
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host and the measuring and control equipment of the energy storage system 
as a whole. Depending on equipment characteristics and the content of data 
transmitted, the energy storage system communication network adopts 
different communication protocols. 

3) Measuring and control equipment includes the power conditioning system 
(PCS), BMS, switch measuring and control unit, booster transformer equip- 
ment, and so on. The PCS and BMS upload operating parameters and status 
information on the PCS and battery. The measuring and control unit 
uploads the status and operating data of the power distribution network 
(inside the energy storage system) and of the booster transformer, and it 
fulfills basic protection functions. 


An energy storage monitoring system monitors the following equipment: the 
battery and BMS, PCS, switch and booster transformer, and so on. 

A local energy storage monitoring system mainly fulfills the following func- 
tions: supervisory control and data acquisition (SCADA), diagnosis warning, 
panorama analysis, optimized dispatching policy making, as well as active and 
reactive control. The system carries out overall monitoring of the retired BMS, 
energy storage bidirectional converter, and other auxiliary and supporting 
equipment; acquires in a real-time manner the operating status and operating 
parameters of relevant equipment; and uploads them to the dispatching layer 
at the upper layer. Moreover, it distributes power according to the dispatching 
instructions and operating status of the retired battery and realizes optimized 
operation of the energy storage system. 


3.3.2.1 System Hardware Architecture 

In order to guarantee the timeliness and reliability of retired battery energy 
storage system operations, an embedded platform is adopted in the system to 
manage the operation of a battery energy storage system, upload key informa- 
tion from system operations to the energy storage power station monitoring 
system at the upper layer, and also receive dispatching control of the power 
station monitoring system at the upper layer. The system architecture is shown 
in Figure 3.21. 

Thereof, as the upper computer part of the monitoring system, including the 
industrial personal computer (IPC) and database server, it displays and con- 
trols the overall operating parameters of the retired battery energy storage 
system, and regulates and changes the operating status of the system according 
to key status information. As the lower computer part of the monitoring sys- 
tem, the control layer acts as field data acquisition, processing, and control 
equipment and controls field equipment, with the monitoring device connected 
to the Ethernet in the form of a node. The equipment layer includes the PCS, 
touch panel, BMS, sensors (including both digital and nondigital), and relevant 
relay protection devices. 
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Figure 3.21 Architecture of a local energy storage monitoring system. 
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3.3.2.2 Functional Modules and Functions 

Normally, the local energy storage monitoring system includes a computer 
case, CPU module, serial port expansion module, controller area network 
(CAN) communication module, AD data acquisition module, and digital 
input-output (IO) module. 

The functions of an energy storage monitoring system include: data acquisition 
and processing, alarm processing, PCS event recording, control and operation, 
management, online statics and calculation, picture display, tabulating and 
printing, human-machine interface (HMI), clock synchronization, tele- 
mechanics, communication interface, system self-diagnosis and self-recovery, 
maintenance, as well as authority management. 
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3.3.2.3 Software Architecture of a Local Energy Storage 

Monitoring System 

The system requires high reliability and excellent timeliness. Thus, the func- 
tions of real-time system mainly include: multitask dispatching (by means of 
preemptive priority), synchronization among tasks, interprocess communi- 
cation mechanism, interrupt management mechanism, and so on. The prior- 
ity of the real-time system is to provide a multitask environment and allow 
real-time application programs to be built in the way of independent tasks, in 
which each task has an independent implementing thread and a set of its own 
system resources and is kept synchronized and coordinated. Another impor- 
tant task of the system is hardware interrupt handling, or handling in a real- 
time manner events from the inside (processor) or the outside (hardware 
except for the processor). The overall flow chart of system software is shown 
in Figure 3.22. 

In terms of architecture design, it requires a dual-buffer queue communica- 
tion network. In network communication, first, the server creates an inter- 
ception socket and binds together with the local address of the server. Then, 
the interception model starts. Similarly, the client also needs to create a socket. 
The difference lies in that the socket is only used for communication. Next, the 
server is connected. It accepts a connection request from the client, and then 
the communication link of the server client is completed. Flow chart of a server 
client is shown as Figure 3.23. 

The retired battery energy storage monitoring system is a set of comprehen- 
sive control management systems integrating energy storage battery module 
monitoring, real-time PCS monitoring, security facility monitoring, and other 
automatic systems. It is not merely a simple integration but shares relevant 
information. After dealing with data in a comprehensive manner, the system 
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Figure 3.22 Overall flow chart of system software. 
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Figure 3.23 Flow chart of a server client. 


coordinates and manages the whole station according to certain business logic, 
which greatly improves the efficiency and reliability of energy storage station 
operation. 

Operating indicators: 


1) Measuring value: (1) Error of AC sampling measuring value: <0.2% (I, U) or 
<0.5% (P, Q); (2) DC sampling analog-to-digital (A/D) conversion error: 
<0.2%; and (3) minimum value of transmission and rectification crossing 
the dead zone: 20.5%. 

2) Status signal: (1) Correct action rate of signals: >99.99%; and (2) accident 
acquisition unit sequence of events (SOE) resolution: <2 ms. 

3) Real-time response: (1) The total duration from the time when the operator 
sends operation instructions till the time when the I/O unit outputs and 
return signals input from the I/O unit on the cathode ray tube (CRT) display: 
<3s. (2) The total duration from the time when the data acquisition unit 
input value crosses the dead zone till the time when it is displayed on a CRT: 
<2s. (3) The total duration from the time when the data acquisition unit 
input status deflects and crosses the dead zone till the time when it is 
displayed on a CRT: <2s. (4) Analog data update cycle: <2s. (5) Digital data 
update cycle: <ls. (6) Dynamic picture multitude regulation and call 
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time: <1s for real-time pictures, and <2s for other pictures. (7) Picture real- 
time data update cycle: 3 ~ 10s, adjustable. (8) The time when the dual sys- 
tem automatically switches to the status of function recovery: <15s. (9) 
Pulse data update cycle: 5x N (N=1, 2-12min), adjustable. (10) Remote 
control and remote regulation instructions transmission time: <4s. 

4) Reliability: (1) system availability: >99.9%; (2) remote control and regulation 
implementation reliability: 299.9%; (3) mean time between failures (MTBF) 
of computer workstation: >20,000 h; and (4) mean time between failures of 
data acquisition and control unit: >27,000h. 


3.4 Application of Retired Batteries in 
a Wind-Solar-Energy Storage Microgrid 


3.4.1 Wind Power-PV Power Storage Microgrid Demonstration Project 
for Retired Batteries with Hundreds and Thousands of Kilowatts 


The retired battery wind power—PV power storage microgrid demonstration is 
a valid carrier to test the battery-sorting, grading, and reorganization technol- 
ogy; battery balancing technology; and BMS developed by us. It provides a 
demonstration platform for the applicability and technical economy of further 
reuse. Additionally, the building, commissioning, operation, and maintenance 
of the project provide a solid technical basis for the reuse of retired battery 
energy storage systems. 


3.4.1.1 Overall Layout of Microgrid 

The retired battery energy storage system demonstration project includes a 
renewable energy power generation system (including solar and wind power) 
as well as a retired battery energy storage system, as shown in Table 3.6. The 
charging and discharging time of energy storage systems may be optimized in 
an intelligent manner according to multiple microgrid operation methods. 
The system may fulfill the following functions: (1) assisting the power grid in 
peak load shifting; (2) providing support for batteries under emergency; 
(3) bringing the efficiency of PV and wind power generation into full play to 


Table 3.6 Configuration of distributed power for a retired battery energy storage 
demonstration system. 


Distributed power source Main performance Capacity 
Wind generator Vertical axis light wind power generation 2x 10kW 
PV generator Single-crystal transparent PV 50kW 


Energy storage system Mobile energy storage 100kW/140 kWh 
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Figure 3.24 Main wiring diagram of a microgrid for a retired battery energy storage system. 


the maximum extent; and (4) realizing organic coordination of distributed 
power supply access and dynamic loads, microgrid control, optimized opera- 
tion, and energy reuse. 

The main wiring diagram of a microgrid for a retired battery energy storage 
system demonstration project is shown in Figure 3.24. Scale and parameters of 
the demonstration project are: 


Total generated power of PV system: 50 kWp 

Turbine power generation system: 2 * 10kW 

Energy storage system: 100kW/140 kWh 

Specification of energy storage battery module: 768 V/180Ah. The battery system is 
composed of 40 packs. Each pack connects six 180 Ah battery modules in serial 
and is provided with a battery management system and HV control parts. 
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Battery sorting criteria: Class 4A retired batteries with an actual capacity larger 
than 100% of the nominal capacity are selected (nominal capacity: 20 Ah). 
Battery grouping criteria: Capacity difference: <5%; internal resistance differ- 
ence: <0.2 mQ; average voltage difference: <50 mV; voltage difference after 
abeyance: <50 mV; constant current ratio difference: <2%; 3.0 V platform dif- 
ference: <2%; and 3.1 V platform difference: <3%. 

BMS: A HNEPRI-BMS-ZBO01 intelligent time-sharing-based battery active and 
positive balancing management system. 


The energy storage system is designed into a mobile container type and inte- 
grates systems including a PV system, turbine controller system, energy stor- 
age system, local monitoring system and microgrid control system in the 
container. (See Figure 3.25.) 


Figure 3.25 Mobile energy storage box transformer substation. 
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3.4.1.2 Overall Communication Structure of Microgrid 

A PV inverter, wind turbine inverter, low-voltage power distribution measure 
and control meter, and environmental monitor adopt the RS485 interface for 
networking, and have access to the microgrid communicator and then to the 
local monitoring after being subject to transformation according to Convention 
104. An energy storage PCS supports the outlet 104 communication interface 
and directly has access to a local monitoring system. In order to realize interac- 
tive management of the microgrid and distribution network at the upper layer, 
the distribution network master station system at the upper layer is connected 
via the Ethernet port on the local monitor (Convention 104). The points of 
common coupling (PCCs) of the microgrid and large grid are installed with 
bidirectional measuring meters for outlet metering of electric energy of the 
microgrid. The RS485 interface is used to connect an additional power 
consumption information acquisition system or communicator, as shown in 
Figure 3.26. 


3.4.1.3 Microgrid Control Strategies 

The microgrid management system conducts control and management at 
three layers, namely the distribution network dispatching layer, microgrid 
centralized control layer, as well as distributed power and load local control 
layer. The distribution network dispatching layer (Figure 3.27) mainly coor- 
dinates and dispatches the microgrid from the perspectives of safe and eco- 
nomic operation of the power distribution network (the microgrid is 
represented as a single controlled unit relative to the large grid), and the 
microgrid receives the regulation and control command from the power dis- 
tribution network at the upper layer. The microgrid at the middle layer man- 
ages the distributed power supply and various types of loads in a centralized 
manner. It maximizes the microgrid’s value and optimizes its operation in 
case of microgrid interconnection, and it regulates the output of a distrib- 
uted power source and consumption of various loads in cases of isolated 
grids so as to realize the stable and safe operation of the microgrid. Moreover, 
it cooperates with the protection of the power grid at the upper layer so as to 
automatically shift to isolated grid operation in case of external power grid 
faults or microgrid faults. The distributed power controller and load control- 
ler at the lower level are responsible for transient power balancing and low- 
frequency load reduction of the microgrid, and ensure operation safety of the 
grid under the transient state. 


3.4.1.4 Demonstration Project Applications 

The demonstration project for a hybrid microgrid with hundreds and thousands 
of kilowatts was built based on energy storage system integration. An 
on-grid—off-grid switching test, isolated island operation test, and BMS 
balancing test were conducted in a focused manner. 
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Figure 3.26 Communication structure chart of a microgrid for a retired battery energy storage system. 
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Figure 3.27 Microgrid control strategies. 
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Figure 3.28 Waveform of on-grid to off-grid switching. 


1) On-grid-off-grid switching test: This test was conducted according to 
microgrid commissioning regulations, as shown in Figures 3.28 and 3.29. 
On-grid—off-grid switching functions reached design requirements. 

2) Isolated island operation test: The result of the isolated island operation test 
indicates when the system detects the transition toward an isolated island 
and the isolated island’s operation signals; the system is able to transit 
toward the isolated island, operate the island, have a renewed access to the 
grid, and shift toward normal parallel operation status according to opera- 
tion logic. The operation logic is shown in Figures 3.30, 3.31, 3.32, and 3.33. 

3) BMS balancing effect: Six months after the demonstration project operates, 
internal resistance exhibits a small increase and good consistency, as shown 
in Figure 3.34. It is demonstrated that the BMS developed is of better bal- 
ancing performance. 

4) Application effect of the demonstration project: From August 2013, when it 
was built and successfully passed commissioning, to the time of this writing, 
the demonstration project has continuously operated for more than two 
years, with power generation by new energy sources totaling over 30,000 
kWh. Currently, the system is in good condition. In case of on-grid operation, 
the system can fully utilize wind and PV energy and bring about practical 
benefits to users; in case of off-grid operation, the system supports system 
voltage, PV, and draught fan output energy, and on-grid—off-grid switching 
functions reach design requirements. The retired battery energy storage 
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Figure 3.30 Logic chart of a transition toward an isolated island. 
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Figure 3.31 Logic chart of an isolated island operation. 
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Figure 3.32 Re-interconnection logic chart. 
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Figure 3.34 Internal resistance of an energy storage battery. 


system operates well: energy efficiency: 290%; dynamic response time: 
<200 ms; power conversion time: <200 ms; temperature difference between 
single batteries in the module: <3°C, with more than 500 cycles in total; and 
annual average availability rate of the energy storage system: 290°C. Photos 
of the demonstration project are shown in Figure 3.35. 


3.5 Battery-Operated Motor Using a Retired Battery 


Similar to the motorcycle in shape, the electric motorcycle is one type of 
motorized bicycle. However, the storage battery is used to drive the motor 
and enable driving. In late 2009, the Standardization Administration of the 
People’s Republic of China (SAC) released four national standards concern- 
ing electric motorcycles and lightweight electric motorcycles, including the 
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Figure 3.35 Photos of a retired battery wind power-PV power storage demonstration 
project. 


General Technical Conditions of Electric Motorcycles and Lightweight Electric 
Motorcycles and the Safety Requirements for Electric Motorcycles and 
Lightweight Electric Motorcycles. From then on, the electric motorcycle has 
been launched in the market as a new type of product. Currently, China 
encourages the development of green cars and has released many relevant 
policies. The subsidies granted to private green cars are being discussed. As 
a type of motorized vehicles that complements green cars, electric motorcy- 
cles occupy a significant position in the strategy of “energy conservation and 
emission reduction” issued by China. Due to the fact that electric motorcy- 
cles are lightweight, they are much easier to use widely in contrast to electric 
cars. Pioneering in the development of electric motorcycles will play a 
benchmarking role in the application of China’s new-energy transportation 
means. For storage batteries, as a core part of electric motorcycles, their per- 
formance directly relates to the service life and endurance mileage of the 
electric motorcycle. Currently, the lead acid battery is widely used in electric 
motorcycles. However, this type of battery would greatly impact the overall 
performance of electric motorcycles due to its shortcomings, including low 
specific energy, unsuitability for quick charging and large-current discharg- 
ing, short cycle life, and so on. 

As a new type of green energy, the phosphoric acid iron battery appears 
more advantageous than the lead acid battery, because of features such as its 
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high specific energy. Compared with an acid battery with identical specifica- 
tions and volume, a phosphoric acid iron battery is only one-third of the for- 
mer in weight and two-thirds of the former in volume. The lithium-ion battery 
enjoys a long service life. At room temperature, the 1 C phosphoric acid iron 
battery can be charged and discharged 1000 times, with a capacity retaining 
rate of 85% or above, eight times that of the lead acid battery. Moreover, the 
lithium-ion battery can be quickly charged, and it is absolutely environmen- 
tally friendly and pollution free as it contains no heavy metal or rare metal. 
However, such batteries have not been popularized in the field of electric 
motorcycles. In China, only a small portion of electric motorcycles adopt lith- 
ium-ion power batteries as their power source. And in Taiwan, the lithium-ion 
battery also has not become popular yet, although it has been promoted for a 
long time there. The reasons lie in the relatively high price of lithium-ion power 
batteries and their large primary input cost. 

As electric cars require much for battery power, more strict requirements are 
raised for the lithium-ion power battery. In recent years, with the launching of 
a large number of electric cars into the market, more and more retired lithium- 
ion power batteries have been removed from electric cars, which is mainly due 
to the consistency problem in these batteries. By removing the retired phos- 
phoric acid iron battery pack, it is found that some batteries in the bouffant 
battery pack are in good condition. In most cases, the decrease in the perfor- 
mance of a single battery affects the overall performance of battery pack. Thus, 
we selected a large number of retired lithium-ion batteries of good perfor- 
mance from a large number of retired ones. Compared with electric cars, elec- 
tric motorcycles do not require much for the overall performance of batteries. 
Thus, the retired lithium-ion batteries removed from electric cars may be 
reused as power sources for electric motorcycles after they are reselected. 


3.5.1 Reselection of Retired Lithium-lon Batteries 


Retired lithium-ion batteries are selected and capacity-sorted by the charging 
and discharging equipment and battery internal resistance testing instrument. 
The selected lithium-ion battery is subject to a charging and discharging test. 
For a lithium-ion battery, charge it under the constant current of 0.3 C to 
3.65 V, and then under a constant voltage of 3.65 V until the charging current 
drops to 0.01 C. It is required under the above charging rules that the charging 
capacity of the battery during the constant current state shall not be less than 
92% of the whole charging capacity. The battery is subject to a 0.3 C discharg- 
ing test. It is required that the discharging capacity of the battery shall not be 
less than 90%, 85%, or 55% of the total capacity when the battery is discharged 
from its full power to 3.0V, 3.1V, and 3.2V, respectively. After charging all 
batteries that conform to the above criteria, leave them for 48 hours, and then 
retest. Test the voltage and internal resistance of such batteries. It is required 
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that the battery shall reach the following requirements: internal resistance 
difference: <20%; capacity difference: <1%; voltage difference: <200mV; and 
average voltage difference: <30 mV. 


3.5.2 Lithium-lon Power Battery Module 


Currently, there are two types of storage battery voltage used in electric motor- 
cycles: 48 V and 60V. A 48V storage battery module prevails currently. The 
combination process of battery modules is explained in Figure 3.36 with a 48 V 
lithium-ion battery module as an example. 


Figure 3.36 Retired lithium-ion batteries of different capacities (20 Ah for the left, 15 Ah for 
the right). 


Currently, lead acid batteries are used in most electric motorcycles, and they 
vary in capacity. Common specifications include 48 V/12 Ah, 48 V/17 Ah, and 
48 V/20 Ah. For lithium-ion batteries that are removed from electric cars, most 
of them are 15Ah and 20Ah. Such batteries are quite suitable for electric 
motorcycles after they are connected in series. For example, 16 lithium-ion 
batteries may be connected serially to form a 48 V/20 Ah lithium-ion battery 
module, as shown in Figure 3.37. 

Single batteries in the battery module may be connected by two means: 
mechanical connection by metal sheet and soldering, as shown in Figure 3.38. 
Both of these connection methods have their advantages and disadvantages. 
Soldering is the most frequently used connection method. In this method, cells 
are connected by soldering via a connecting plate. However, some problems 
have been found with this method. Pretreatment, namely laser welding, needs 
to be made on the positive electrode current collector of cells before soldering, 
which could cause burning in the lithium-ion battery reorganization process. 
Meanwhile, multiple incidents of welding would damage batteries as high tem- 
perature exists during the process. Additionally, it seems difficult to under- 
stand the inconsistency in retired lithium-ion batteries. If any individual cell in 
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Figure 3.38 Two methods connecting lithium-ion batteries. 


a lithium-ion battery module has any problem, it would be difficult to replace 
it. Then, the use of the whole battery module would be limited. However, con- 
nection by soldering also has obvious advantages. For example, the internal 
resistance for this connection method is small. Besides, there is an additional 
method of connection: serial connection of batteries, in which individual cells 
are clamped by two pieces of metal sheets and then fixed by bolt. Such connec- 
tions may avoid damage to cells in cases of high-temperature welding and also 
facilitate replacement of an individual cell in later maintenance. 
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3.5.3 Application Cases 


We selected retired lithium-ion batteries of 20 Ah for grouping, adopted 16 
cells for connection in series, and formed a 48 V/20 Ah lithium-ion battery 
module for electric motorcycles (see Figure 3.39). The specification of the 
assembled lithium-ion battery module is described as follows: 


Combination method: 1P16S 

Rated output: 48 V 

Charging voltage: 58.4V 

Charging current: 4.5 A 

Size: 185 x 120 x 290 (mm) 

Operating temperature: Charging: 0 ~ 45°C; discharging: -20 ~ 60°C 
Weight: 10.5kg. 


The 48 V/20 Ah lithium-ion battery module was installed on a 48 V electric 
motorcycle for testing. The motorcycle has an endurance mileage of up to 
70 km. A lithium-ion charger was used to charge it. Ninety percent of the total 
power capacity was charged in 3 hours. Thus, the goal of quick charging may 
be achieved. 

In order to demonstrate the feasibility of the application of lithium-ion bat- 
teries in electric motorcycles, we removed the lithium-ion battery module that 
had operated 30,000km from the electric motorcycle, conducted a test and 
analysis on the performance of lithium-ion batteries, made a comparison with 
the retired lithium-ion batteries before assembly, and obtained the data in 
Tables 3.7 and 3.8. 


Figure 3.39 48V/20Ah lithium-ion battery module for electric motorcycles. 
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Table 3.7 Capacity and internal resistance measured before grouping of retired power batteries. 


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 


Capacity 20.7 206 20.8 209 206 20.7 204 205 208 206 20.7 20.5 207 208 20.3 20.5 
Internal resistance 3.21 3.10 2.92 3.37 3.38 2.89 303 3.01 2.65 3.12 2.97 3.05 2.99 2.83 3.51 3.08 


Table 3.8 Capacity and internal resistance measured after the dismantling of a retired power battery module. 


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 


Capacity 19.7 186 200 189 166 187 174 195 202 190 187 185 203 19.8 17.3 18.5 
Internal resistance 4.21 610 3.92 437 7.68 489 603 391 345 412 3.97 505 2.99 2.83 691 4.08 
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It can be shown from both groups of data in Tables 3.7 and 3.8 that it is 
completely feasible to use a retired lithium-ion battery module in electric 
motorcycles. After the electric motorcycle runs for 30,000km, the internal 
resistance of an individual lithium-ion battery would increase and its capacity 
would decrease to some extent. The internal resistance of the retired power 
battery after operation appears more decentralized. Of course, in addition to 
the characteristics of the retired battery, the protection plate provided for the 
battery module may also be regarded as a cause. It is believed that through 
rigorous screening and provision of a protection plate with good performance 
for the battery module, retired lithium-ion batteries would be reused in electric 
motorcycles. (See Figures 3.40 and 3.41.) 
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Figure 3.40 Layout of internal resistance before grouping of retired battery modules. 


3.6 Development and Application of Other Energy 
Storage Systems Based on Retired Batteries 


Large-scale retired battery energy storage systems have a high requirement for 
consistency of batteries. A balancing management system at a high technical 
level shall be provided, which causes low technical costs of energy storage by 
using retired batteries on a large scale. Small-scale power sources have a rela- 
tively low requirement for consistency of batteries. Only simple voltage and 
current-limiting functions are required. Small-scale power sources enjoy a 
high application demand, thus providing a broad space for wide application of 
retired batteries. 
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Figure 3.41 Layout of internal resistance after dismantling of retired battery modules. 


3.6.1 A 240V/200Ah Transformer Substation Uninterruptible 
Power Source 


3.6.1.1 Application Background 

A UPS is a continuous power source that is used to provide continuous power 
supply for equipment. Basically, a lead acid storage battery is used as energy 
storage for a UPS. A lead acid storage battery has a normal service life of around 
5 years; moreover, it is affordable, productive, and suitable for the application 
of a UPS. With the continuous improvement of lithium batteries and people’s 
rejection of the pollution caused by lead aid storage batteries, lithium batteries 
have started gradually to be used in UPS. However, the cost of the lithium-ion 
power battery is 3—4 times that of the lead acid battery but with identical volt- 
age and capacity, which cause a huge increase in its use cost. The 240 V/200 Ah 
transformer substation UPS adopts retired lithium power batteries as its energy 
storage unit. For identical voltage and capacity, the retired lithium power bat- 
tery is as cheap as a lead acid storage battery, which can effectively reduce its 
use cost. Moreover, the former enjoys the advantages of high voltage, light 
weight, small volume, a wide range of allowable operating temperatures, envi- 
ronmental friendliness, zero pollution, and so on. 


3.6.1.2 A240V/200Ah Transformer Substation UPS Design Scheme 

The 240 V/200 Ah transformer substation UPS is composed of a retired battery 
module, BMS, main circuit, bypass, power supply input circuit, current con- 
verter for AC/DC conversion, inverter for DC/AC conversion, inverter/bypass 
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Figure 3.42 240V/200 Ah transformer substation UPS structure. 
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output switching circuit and central controller, and so on (Figure 3.42). The 
system is a modular power supply system, with parallel connection of multiple 
modules as its basis. It can not only realize a hot plug of system modules but 
also better deal with the issues of independent operation, mutual collabora- 
tion, and stable conversion. Moreover, the system can reduce modules accord- 
ing to the conditions of loads and can support combined capacity expanding. 
The system adopts retired lithium-ion power batteries as its carriers of power 
storage, which could obviously reduce battery costs and extend the whole life- 
cycle of batteries. 


3.6.1.3 Composition and Functional Parameters of a 240V/200 Ah 

Substation UPS 

Specification of battery module: 240 V/200 Ah. The battery system is connected 
by the 240 70 Ah phosphoric acid iron batteries that have been retired from 
electrical buses. Every 48 batteries are used to form a battery pack, with 
three being connected in parallel and 16 in series. Battery packs are con- 
nected serially to form a battery module. Batteries are connected between 
each other by bolts. 

Battery management system: A combination of active and passive balancing 
methods is adopted. The active balancing with strong balancing capacity is 
adopted at the initial stage of charging, and steady passive balancing is 
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adopted at the end of charging. In case of discharging, the active balancing 
with strong balancing capacity is adopted to increase the discharging capac- 
ity of the battery module. The system is composed of one master control 
module, five secondary control modules, a Hall sensor, and some acquisition 
harness. Each secondary module controls 16 batteries and is mainly used to 
acquire voltage and temperature information for each battery and to upload 
it to the master control module. The master control module analyzes the 
status of batteries and sends control signals to lower levels. The Hall sensor 
tests the charging and discharging current of the battery module. The oper- 
ating status and parameters of storage batteries are monitored in a real-time 
manner. More than 80 storage batteries can be tested in an independent and 
completely isolated manner. The voltage of each storage battery, total volt- 
age and current of the battery module, as well as temperature of storage 
batteries can be measured in an automatic and precise manner. 


Inverter: Rated power: 3kW. Adopting a functional modular design, the 


inverter is capable of fault alarm, AC bypass, and AC input overvoltage 
protection. 


Central controller: The central controller conducts real-time monitoring of the 


operating status of parts, including the UPS current rectifier, inverter, bat- 
teries, bypass, and loads. Once there is any fault in any part, the system will 
send an alarm and monitor parameters of the UPS in a real-time manner, 
including voltage, current, frequency, and power. Important parameters 
may be recorded by curve. The curves within one year may be enquired. 
Moreover, the maximum and minimum values of a certain day may be dis- 
played and selected out so that managers may have an overall understanding 
of UPS status. 


Overall dimensions and other parameters of the UPS: 


Overall dimensions: 600 * 600 * 1200 (mm) (L * W * H) 

Weight: 165 kg 

Hot management model: Air cooling 

Protection functions: Protection against battery overcharging, battery over-dis- 


charging, overvoltage, over-temperature, short-circuits, and inverter output 
and bypass output overload 


Battery sorting criteria: The Class 2A retired battery with actual capacity no 


less than 90% of the nominal capacity shall be adopted (normal capacity: 
60 Ah). 


Battery grouping standards: Capacity difference: <6%; internal resistance 


difference: <0.3 mQ; average voltage difference: <50 mV; voltage difference 
after abeyance: <50 mV; constant current ratio difference: <2%; 3.0 V platform 
difference: <2%; and 3.1 V platform difference: <3%. 


See Figure 3.43. 
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Figure 3.43 240V/200Ah transformer substation UPS. 


3.6.1.4 Operating Mode of a 240V/200 Ah Transformer Substation UPS 
The operating status of this system includes the following types: 
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Standalone UPS operation mode: In case of power supply by the mains, the 
220V AC voltage is subject to isolation, wave filtering, and automatic 
voltage regulator (AVR) voltage stabilizing, and converted into DC after 
AC-DC conversion. Then, DC inverted into pure sine-wave AC via pulse- 
width modulation (PWM) and is subject to wave filtering and isolation 
before being output. When the mains are stopped, the energy stored in the 
battery module is provided to the PWM inversion circuit after DC-DC 
conversion, inverted to AC power, and then delivered to loads. 

UPS serial connection hot backup operation mode: Serial connection redun- 
dancy hot backup method: The output of the UPS standby power supply is 
connected to the input bypass circuit of the UPS to form a UPS of redun- 
dancy hot backup. During the operation, the host of the UPS supplies elec- 
tricity to loads. In case of any fault with the UPS host, the UPS standby will 
supply electricity to the bypass circuit of the UPS host. 

UPS parallel connection hot backup operation mode: Parallel redundancy 
hot backup: With outputs of the same amplitude, phase, and frequency, two 
or more UPS power sources with the same power are directly connected in 
parallel. In case of normal operation, all UPSs connected in parallel supply 
current to loads. Once there is any fault with a UPS, the remaining UPSs will 
supply current to all loads. 
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3.6.1.5 Demonstration and Application of a 240 V/200 Ah Transformer 
Substation UPS and Its Effect 
Five sets of 240 V/200 Ah transformer substation UPSs are used in five 35kV 
transformer substations in Xinyang, Henan. From December 2013 to the time 
of this writing, the system has continuously operated for two years, and it is in 
good condition. 

The 240V/200 Ah transformer substation UPSs adopt retired lithium iron 
power batteries, which not only reduces the purchasing costs of batteries but 
also brings about significant economic benefits. 


3.6.2 Farmland Irrigation System Based on Retired Batteries 


The farmland motor-pumped well power supply is a new project that benefits 
farmers. The power supply mode, featuring “One well and one circuit, one meter 
and multiple cards,’ is adopted in the project. The transformer is installed in the 
agricultural drainage and irrigation load center. A 400V circuit is buried under 
the distribution room or metering room and connected to the motor-pumped 
well. The metering device connected by each outgoing wire is installed in the dis- 
tribution room. The electronic type prepaid electric meter is used to record users’ 
electric power information and achieve the result of “one circuit, one meter and 
multiple cards” In the case of farmland irrigation, the farmer only needs to scan 
the electric meter by IC (integrated circuit) card, and then the power supply will 
be connected. However, some wells are scattered in some distant rural areas that 
are far away from the distribution room or metering room. If these wells are pro- 
vided with a distribution room or metering room separately and a power supply 
circuit, it would mean large investments, low utilization, and a great waste. 

Thus, a lithium-ion battery irrigation pump was developed. In case there are 
no mains, a supporting lithium-ion battery module is used to supply electricity 
and drive the DC pump to work. If necessary, the lithium-ion AC irrigation 
pump may be transported to the site for the purpose of farmland irrigation and 
then returned to the storage site for charging, which could better solve the 
above issue. Additionally, users may start and stop the lithium-ion AC irriga- 
tion pump in a remote manner and obtain the site operation conditions of 
equipment by safety management system (SMS) in a real-time manner. There 
is no need to wait on site. Also, the user may carry back the irrigation pump 
after the completion of irrigation, which saves a lot of time. In view of the 
characteristics of flexibility, simple process, ease of operation and mainte- 
nance, long service life, low investment costs, and so on, the pump may be used 
as a farmland irrigation system in remote rural areas. 


3.6.2.1 Design Scheme of a Lithium-lon Battery Irrigation Pump 


1) AC pump: The lithium-ion AC irrigation pump is mainly composed of a 
lithium-ion battery module, inverter, and AC pump. The battery module is 
connected by battery packs in series, and the battery pack is connected in 
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parallel by single batteries by means of mechanical connection. The pro- 
tection plate with a passive balancing function can prevent the battery 
module from overcharging and over-discharging, effectively increasing the 
discharging capacity of the battery module and extending its service life. 
The remote controller provided is composed of an in-built industrial model, 
microprocessor, and antennas, being capable of remote operation and 
information receiving and sending. In view of the characteristics of flexibil- 
ity, simple process, ease of operation and maintenance, long service life, low 
investments, and so on, the pump may be used as a farmland irrigation sys- 
tem in remote rural areas. (See Figure 3.44.) 
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Figure 3.44 Structural chart of a lithium-ion battery AC irrigation pump. 


2) DC pump: The lithium-ion DC irrigation pump is mainly composed of a 
lithium-ion battery module, controller, and DC pump. The lithium-ion 
battery module is connected by serial battery packs, and the battery pack is 
connected by single batteries by means of mechanical connection. The BMS 
with a passive balancing function can prevent the battery module from 
overcharging and over-discharging, effectively increasing the discharging 
capacity of the battery module and extending its service life. The pump 
adopts an on-board structure. In view of the characteristics of flexibility, 
simple process, ease of operation and maintenance, long service life, low 
investments, and so on, the pump may be used as a farmland irrigation sys- 
tem in remote rural areas. (See Figure 3.45.) 


3.6.2.2 Composition and Functional Parameters 

of a Lithium-lon Irrigation Pump 

3.6.2.2.1 DC Pump 

Specification of battery module: 240 V/60 Ah. Each battery pack is connected 
by 16 single batteries in seriies, with a capacity of 60 Ah. A battery module is 
connected by five battery packs in series. Single batteries are connected by 
mechanical means. 
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Figure 3.45 Structural chart of a lithium-ion battery DC irrigation pump. 


Battery management system: 240V. A combination of active and passive 
balancing methods is adopted. The active balancing with strong balancing 
capacity is adopted at the initial stage of charging, and steady passive balanc- 
ing is adopted at the end of charging. In the case of discharging, the active 
balancing with strong balancing capacity is adopted to increase the discharg- 
ing capacity of the battery module. 

DC pump: Power: 3kW; operating voltage: 220 V AC; lift: 28m; flow: 
40 më/h 

Overall dimensions and other parameters of lithium-ion batteries: 


Overall dimensions: 1200 * 1200 * 300 (mm), (L * W * H) 

Weight: 400kg 

Hot management mode: Air cooling 

Battery sorting criteria: The Class 2A retired battery with an actual capacity 
of no less than 90% of the nominal capacity shall be adopted (normal 
capacity: 60 Ah). 

Battery grouping standards: Capacity difference: <6%; internal resist- 
ance difference: <0.3 mQ; average voltage difference: <50 mV; voltage 
difference after abeyance: <50 mV; constant current ratio differ- 
ence: <2%; 3.0V platform difference: <2%; and 3.1V platform 
difference: <3%. 


3.6.2.2.2 Lithium-lon Battery Irrigation Pump Demonstration and Application 
Ten sets of lithium-ion battery DC irrigation pumps were developed, solving 
the issues of drainage and irrigation in far-off rural areas. From January 2013 
onward, a farmland of 1000 mu has been irrigated in total. Currently, the 
system is in good condition. 
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3.6.3 Household Energy Storage System 


As new energy is applied in the civil market, various types of energy storage 
equipment are used in individual households. The meaning of energy storage 
appears more obvious: At low peak, the remaining capacity is stored in a bat- 
tery module for charging and energy storage; and at high peak, the battery 
module discharges back to the power grid, regulates local peaks, and balances 
electric loads. Compared with energy storage applications of a power grid 
class, the household energy storage system is more similar to the household 
micro energy storage station that is not impacted by the urban power supply 
burden. At low peak of power consumption by the public, the remaining capac- 
ity is stored in the energy storage system for use at high peak. Household 
energy storage equipment not only acts as an emergency power source but also 
saves electric costs for households. Especially when new energy is used in the 
civil market, for communities or households that have installed roof PV power 
generation systems or small-scale household generator systems, the household 
energy storage system becomes one of the necessary equipment, which opens 
up new markets for the areas with unsteady power supply, including remote 
mountainous regions and rural-urban fringe zones. 


3.6.3.1 Design Scheme of a Household Energy Storage System 

This household energy storage system is composed of a retired battery module, 
battery protection plate, inverter, remote controller, and so on. See Figure 3.46. 
The household energy storage system is a type of solar-electric complementary 
power generation system. System inputs may be the power from solar energy, 
mains, or a diesel engine, with optional sources and application models. 
Moreover, the household energy storage system supports multimachine 
combined capacity expansion. The system integrates a solar energy charging 
controller, system controller, inverter, lithium-ion batteries, lithium-ion BMS, 
active and passive collaboration, and balancing protection plate into one. It can 
effectively transform clean and green renewable energy into household electric 
power using an energy storage system. The system enjoys the advantages of 
high efficiency, energy conservation, and a steady power supply. Especially, the 
adoption of retired lithium-ion power batteries as carriers of electric power 
storage can significantly reduce battery cost and extend the whole service life 
of the battery. 


3.6.3.2 Composition and Parameters of a Household Energy 

Storage System 

Specification of battery module: 48 V/60 Ah. The battery system is connected 
by 16 60Ah iron phosphate lithium-ion batteries that retire from eclectic 
buses and are connected in series. Batteries are connected between each 
other by bolts. 
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Figure 3.46 Structural chart of a household energy storage system. 


Battery protection plate: 16. A combination of active and passive balancing 
methods is adopted. The active balancing with strong balancing capacity is 
adopted at the initial stage of charging, and steady passive balancing is 
adopted at the end of charging. In the case of discharging, the active balancing 
with strong balancing capacity is adopted to increase the discharging 
capacity of the battery module. 

Inverter: High-frequency inverter, with a rated power of 3kW. Adopting a 
modular design, the inverter is capable of a fault alarm, AC bypass, and AC 
input overvoltage protection. 

Remote controller: WIFI wireless communication is adopted. An in-built com- 
munication model is adopted to transmit and receive remote data. Users 
may realize interaction with the above-mentioned remote controller by 
mobile type terminals, including mobile phones. 

Specifications, overall dimensions, and other parameters of a household energy 
storage system: 

Specification: 3kW/2.8 kWh 

Overall dimensions: 600 * 290 * 680 (mm) (L * W * H) 
Weight: 65 kg 

Hot management model: Air cooling 


Examples for Reuse of Power Batteries 


Protection functions: Battery overcharging and discharging protection, 
overvoltage protection, over-temperature protection, short-circuit 
protection, inverter output, and bypass output overload protection 

Battery sorting criteria: The Class 2A retired battery with an actual capacity of 
no less than 90% of the nominal capacity shall be adopted (normal capacity: 
60 Ah). 

Battery grouping standards: Capacity difference: <6%; internal resistance 
difference: <0.3 mQ; average voltage difference: <50 mV; voltage difference 
after abeyance: <50 mV; constant current ratio difference: <2%; 3.0 V platform 
difference: <2%; and 3.1 V platform difference: <3%. 


The household energy storage system is designed into a portable mobile 
battery system. The system can provide 220V/50HzAC output with rated 
power of 3kW and is applicable to various types of loads. (See Figure 3.47.) 


Figure 3.47 Photos of a household energy storage system. 


3.6.3.3 Operation Models of a Household Energy Storage System 
The system operates under the following modes: 


Standby mode: In case of normal supply of mains, the indoor power circuit is 
powered by mains, and the energy storage system will not supply electricity 
to the circuit. In case of unexpected outage of mains, the energy storage 
system will be automatically and quickly shifted to the circuit and guarantee 
uninterrupted power supply for equipment on the circuit. 
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Economic mode: The economic mode includes peak load shifting and PV 
optimization, which may be set on the wireless controller. Under the mode 
of peak load shifting, the users may set charging and discharging times on 
their own. When the time is set up, the energy storage system will be automati- 
cally shifted to the power supply circuit for charging and discharging, which 
can realize efficient utilization of clean energy. Moreover, the minimum 
reserved electric quantity may be set. In case of normal supply of mains, 
once the discharging amount reaches the value, an alarm will be sent out, 
discharging will be stopped, and mains will be used to supply electricity to 
the indoor power supply circuit. In case of outage of mains, the energy stor- 
age system will discharge till there is no electricity and the system is closed. 


3.6.3.4 Demonstrated Operation and Operating Effects of Household 

Energy Storage Systems 

Ten sets of household energy storage systems have been demonstrated and 
applied in 10 households of Guandu Town, Zhongmou County. An obvious 
effect is obtained in terms of solving the issue of low voltage and increasing the 
reliability of the power supply. 


3.7 Applicability, and Technical and Economic 
Assessments, for Reuse of Retired Power Batteries 


3.7.1 Technical and Economic Conditions for Scaled Application 
of Energy Storage Technologies Based on Retired Batteries 


In terms of the practical demand of power systems for energy storage, the 
application fields of energy storage technology mainly include new-energy on- 
grid, distributed energy and microgrids, system peak regulation, emergency 
standby, power quality management, and so on [6]. As different battery energy 
storage technologies have large differences in economic and technical strengths 
and limitations, the fields to which they are applicable shall be analyzed in 
detail. Only by adhering to the principle of being technically feasible and 
reliable and cost-effective can we see the prospect of large-scale commercial 
application. Thus, it seems necessary to conduct an overall assessment of spe- 
cific characteristics of power energy storage technologies, based on which suit- 
able technologies for specific application fields are selected [7]. 

With the increasing growth of electric cars, the whereabouts of the batteries 
retired from cars have received increasing attention. How to effectively utilize 
these retired batteries represents an unavoidable issue in the development of 
new-energy cars. A battery is retired from an electric car when its capacity is 
reduced by 20% to 30%, because at that level it may be impossible for the car’s 
endurance mileage to satisfy the user’s demands (e.g., all-day operation of 
a bus), but that does not mean the battery has no use value anymore. Mostly, 
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the retired battery has 75% or above the nominal capacity and still has remaining 
value. In fact, according to our research, among retired batteries, under either 
the charging or exchanging mode, some batteries fail to be reused due to bad 
appearance, some have large internal resistance or abnormal voltage, while 
others have remaining capacity equivalent to 80% or above the nominal capac- 
ity. The batteries retired from electric cars are used for electric power storage. 
The following solution is always regarded as a win—win strategy: the remaining 
value of the batteries from electric cars may be exploited, and the cost of 
batteries used for power storage may be reduced. 

According to the economic evaluation of phosphoric acid iron battery energy 
storage substations, the sole focus on financial indicators and ignorance of 
effects of other aspects should be changed. In this chapter, theoretical research 
was conducted from the perspectives of building and selection of an economic 
evaluation indicator system, determination and value assignment of index 
weight, as well as a fuzzy comprehensive evaluation model; and I made an 
empirical analysis of the economic evaluation on the retired battery energy stor- 
age station based on theoretical support. It is shown, according to economic 
evaluation comparison between the two cases of having a project (establishing 
a retired battery energy storage power station) and not having a project (not 
establishing any retired battery energy storage power station), that establishing 
a retired battery energy storage power station is more economical. 


3.7.1.1 Technical Evaluation of the Scaled Application of Retired 
Battery Energy Storage Technology 
Technical evaluation indicators of retired battery energy storage technology 
are shown in Table 3.9. A four-tier progressive building method is adopted. 
Tier II indicators mainly include retired single battery parameters, retired 
battery module parameters, energy storage converter parameters, and safety. 
Tier III indicators are subdivided in detail into historical information, appear- 
ance, battery characteristics, operational parameters, energy storage converter 
(AC side parameters), energy storage converter (DC side parameters), and 
safety. Tier IV indicators are detailed to specific technical indicators of the 
energy storage system, namely rated capacity, charging and discharging rates, 
voltage range and protection class, and so on. 

Tier IV indicators directly act on the testing of the retired battery energy storage 
power station. The scope and precision of indicators are described as follows: 


1) Historical information of retired battery: This includes the service life, 
battery type, and electrode system. 

2) Appearance of individual retired battery: The case shall be clean, and free of 
liquid leakage, air bulking, damage, flaw, deformation, and corrosion; the 
plug shall be free of damage, dirt, and trace of obvious oxidization; and it 
shall be dry and clearly and correctly marked. 
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Table 3.9 Technical evaluation indicators of a retired battery energy storage station. 


Tier | Tier Il Tier Ill Tier IV 


Technical Parameters of Historical Battery type 
evaluation retired single 
indicator system battery 

of retired battery Electrode system 


energy storage Appearance Case 
system 


Service life 


Lug 
Battery Rated capacity 
characteristics Charging and discharging 
Voltage range 


Charging and discharging 
efficiency 


Self-discharging 

AC internal resistance 
Operational Charging and discharging capacity 

SOC range 

Voltage range 

Current range 

Cycle times 

Temperature rise 

Response time 

Ambient humidity 


Parameters of Appearance Positive and negative electrode 

retired battery bus 

module 

(including 

BMS) Modular Rated capacity 
characteristics 


Module appearance 


Charging and discharging rates 
Voltage range 


Charging and discharging 
efficiency 


AC internal resistance 
Operational Voltage consistency 

Capacity consistency 

Internal resistance 


Total charging and discharging 
capacity 


Charging and discharging 
efficiency 


Times of recycling 
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Table 3.9 (Continued) 


Tier | Tier Il Tier Ill Tier IV 


Parameters of Energy storage Rated power 
energy storage converter (AC 


Rated voltage 
converter side) 8 


Frequency 
Frequency range 
AC voltage precision 


Total voltage waveform distortion 
rate 


Power coefficient 


Energy storage Voltage stabilizing precision 
converter (DC 


: Current stabilizing precision 
side) 


DC ripple 
Safety Safety Protection class 


Table 3.10 Range and precision of retired single battery characteristic parameters. 


No. Item Range of Parameters Precision 
1 Rated capacity 270% of the rated capacity +1% 
of new battery 

2 Charging and discharging rates 0.5~3C +1% 

3 Voltage range 2.8~3.5V 0.5% 

4 Charging and discharging efficiency 293% +1% 

5 Self-discharging <5%/month +0.5% 

6 AC internal resistance <10 mQ +5% 


3) Appearance of retired battery module: Check if the battery module is hard 
and clean, free of damage, and clearly marked; the joints of positive and 
negative buses shall be firmly connected and shall not be loose. 

4) See Tables 3.10 and 3.11 for the scope and precision of characteristics and 
operational parameters of individual retired batteries. 

5) The range and precision of retired battery module parameters are shown in 
Table 3.12. 

6) Energy storage converter parameters: An electric power quality analyzer is used 
for measurement. See Table 3.13 for the range and precision of parameters. 

7) Safety: Protection class > IP65. 
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Table 3.11 Range and precision of retired single battery operational parameters. 


No. Item Range of Parameters Precision 
1 Charging and discharging capacity 270% of the rated capacity of +1% 
new battery 
2 SOC range 20 ~ 80% +8% 
3 Voltage range 2.8~3.5V 0.5% 
4 Current range 0.5~3C +5% 
5 Times of recycling 21500 
6 Temperature rise <10°C +8% 
7: Response time <100ms +1% 
8 Ambient humidity 45% r.h. ~ 75% r.h. 
Table 3.12 Range and precision of retired battery module parameters. 
No. Item Range of Parameters Precision 
1 Rated capacity 260% of the rated capacity +1% 
for new battery 
2 Charging and discharging rates 0.5~3C +2% 
3 Voltage range 2.8n ~3.5n V (7 means 0.5% 
number of single 
batteries) 
4 Charging and discharging efficiency 290% +3% 
AC internal resistance <10n mQ (n means number +5% 
of single batteries) 
6 Voltage consistency Difference in maximum and 0.5% 
minimum voltage <0.1 V 
7 Capacity consistency Difference in maximum and +1% 
minimum discharging 
capacity <2% of rated 
capacity for new batteries 
8 Internal resistance consistency Difference in maximum and +0.5% 
minimum internal resistance 
<1 mQ 
9 Total charging and discharging 260% of the rated capacity +1% 
capacity for new batteries 
10 Charging and discharging efficiency 290% +2% 
11 Times of recycling 21000 times 
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Table 3.13 Energy storage converter parameters. 


No. Item Range of parameters Precision 
1 Power Rated power +1% 
2 Voltage Rated voltage +1% 
3 Frequency 50 Hz +5 
4 AC voltage precision 380V +5 
5 Total voltage waveform distortion +5 
rate 
Voltage stabilizing precision +1% 
Current stabilizing precision +1 
8 DC ripple <5% 


3.7.1.2 Economic Evaluation of the Scaled Application of Retired 

Battery Energy Storage Technology 

3.7.1.2.1 Study of Economic Evaluation Indicator System for Retired Battery 
Energy Storage Power Station 

For economic evaluation of retired battery energy storage systems, we should 
consider not only the effective smoothing of energy storage systems on new- 
energy output fluctuation and their contributions to improvement of electric 
energy quality, but also their role in improving regional power supply stability 
and reducing power losses. There are a lot of relevant factors. Thus, evaluation 
indicators shall be classified into different categories and levels [8—10]. 


Setting of Economic Evaluation Indicator Systems The setting of an economic 
evaluation indicator system is the premise and foundation for economic 
evaluation of the retired battery energy storage system. Whether the indicator 
system is set rationally and correctly would directly impact the scientificness, 
reliability, and precision of evaluation results. Thus, the priority for economic 
evaluation is to build an integrated evaluation element indicator system in a 
complete and accurate manner according to the nature and requirements for 
evaluation targets and policymaking of the evaluated object [11-14]. 

In most cases, evaluation indicators are obtained by the following means: (1) 
dividing national and regional economic and social development targets to 
obtain evaluation indicators (general indicators), such as distribution effect and 
employment effect; (2) referring to evaluation indicators of comprehensive 
evaluation design of pumped storage power stations, which occupy a majority 
of the comprehensive evaluation indicator systems; (3) evaluation indicators 
designed according to the characteristics of the retired battery energy storage 
station, such as improving indicators like the stability of the power grid; 
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(4) referring to the evaluation indicators selected in other projects, such as indi- 
cators like resource utilization and environmental evaluation; and so on [15—17]. 

According to the above-mentioned, this research referenced the information 
about pumped storage power station evaluation in a lot of historical documents, 
then investigated the opinions of some experts and a large number of data and 
text materials according to the principles and methods for formulation of indi- 
cator systems in normal cases and in combination with characteristics of pumped 
storage power stations and compressed air energy storage power stations, and 
built an indicator system based on indicator system analysis theory. 


Selection of Economic Evaluation Indicators for Energy Storage Power Stations In 
combination with the summarized characteristics of retired batteries and energy 
storage power stations, economic evaluation indicators of retired battery energy 
storage are shown in Table 3.14. A four-tier progressive building method is 
adopted. Tier II indicators are mainly subdivided into economic benefit, social 
benefit, power grid benefit, and sustainable development. Tier III indicators are 
subclassified in detail into financial evaluation, national economy evaluation, 
power grid benefits, environmental impact, and energy impact. Tier IV indica- 
tors include specific technical indicators of retired battery energy storage power 
stations, namely financial internal rate of return, investment return period, bor- 
rowing repayment period, asset liability rate, and increase in employment rate. 


Building of Economic Evaluation Indicators 

1) National economy evaluation indicator 

2) Financial evaluation of energy storage power station 
3) Social evaluation indicator 

4) Environmental impact indicator 

5) Power grid efficiency indicator 


Determination of Economic Evaluation Indicator Weight After the building of the 
initial indicator system, another important aspect is to solve the issue of weight. 
How to determine the weight of each indicator and eliminate too many factors 
of human impact is an important aspect for integrated evaluation research. 
Currently, there are over 10 methods for determining weight. According to the 
sources of original data used in the calculation of weight, these methods may 
be roughly classified into the following two types: subjective weighting meth- 
ods and objective weighting methods. 


Subjective Weighting Methods Subjective weighting methods are to determine the 
weight of indicators according to the knowledge and experience of experts or 
individuals, with original data being judged by experts according to their 
experience, such as the Delphi method and analytic hierarchy process. Currently, 
the research on subjective weighting methods has tended to be mature. 


Table 3.14 Economic evaluation indicators of a retired battery energy storage power station. 


Tier | 


Economic evaluation Economic benefit 


indicators of retired 
battery energy 
storage power station 


Tier Il 


indicators 


Social benefit 


Tier Ill 


Financial evaluation 


National economy 
evaluation 


Effect of employment 


Satisfaction of relevant 
groups 


Local economic impact 


Social resources 


Tier IV 


Financial internal rate of return 
Investment return period 

Loan repayment period 
Debt-to-asset ratio 
Benefit-to-cost ratio 


Net economic value 


Economic internal rate of return 


Increase in employment rate 


Satisfaction of electric power suppliers 
Satisfaction of electric power users 

Promoting the development of relevant sectors 
Improving investment environment 

Impact on living and production environment 


Attitudes of local government and the public toward 


the project 


Remarks 


Indicators may be 
selected or added 
according to actual 
construction 
conditions of the 
project. 
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Table 3.14 (Continued) 


Tier | 


Tier Il 


Tier Ill 


Power grid benefit Power grid benefit 


Sustainable 
development 


Environmental impact 


Energy impact 


Tier IV 


Increasing the economic benefit of the power grid 
ncreasing the stability of the power grid 
ncreasing the reliability of power supply 
Increasing the quality of power supply 

Impact on water resources 

mpact on vegetation resources 

mpact on air quality 

Reduction of environmental pollution 


Impact on social and living environment 


mpact on noise 
Promoting sustainable development of new energy 


Increasing energy utilization 


Remarks 
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These methods share the characteristics in common that the weight of each 
evaluation indicator is judged by experts according to their experience and actual 
judgment. Choosing different experts will obtain different weights, which makes 
these methods excessively subjective. This shortcoming has not been radically 
improved due to the quantity of experts and careful selection of experts. Thus, in 
some individual cases, the result of weight through application of one subjective 
weighting method may vary greatly from the actual conditions. Nevertheless, 
these types of methods have the advantage that experts may, according to actual 
conditions, determine the sequence of individual indicators in a reasonable man- 
ner. That is to say, although these methods fail to accurately determine the weight 
of each indicator, in normal cases, they can effectively determine the sequence of 
weights given by each indicator according to importance to some extent. 


Objective Weighting Methods Objective weighting methods are considered from 
the statistical nature of indicators and are determined by the data obtained 
through investigation, without consulting the comments from experts. Their 
original data are formed by the actual data of indicators for the evaluated 
object. These methods include principal component analysis method, mean- 
variance analysis method, deviation maximization method, entropy method, 
representative counting method, combined weighting methods, and so on. 

These two types of methods have both advantages and disadvantages: the 
former is poorly objective but strongly interpretive. The latter has a high preci- 
sion of the weight determined in most cases, but sometimes the weight 
deviates from the actual result, and such methods are poorly interruptive. It 
seems hard to clearly interpret the result obtained. 

As there are only sparse data concerning the evaluation of energy storage 
power stations as research objects of this chapter, this chapter adopts the ana- 
lytic hierarchy process (AHP) to weight each indicator. The method has the 
following basic procedures: 


1) Building of hierarchy structure: Various factors among complicated problems 
are made methodic and hierarchical through classification of interactive and 
orderly hierarchies so as to build a structural model for hierarchy analysis. 

2) Building of judgment matrix: Make a comparison between indicators. The 
relative importance of each individual indicator is obtained to build a judg- 
ment matrix A. 


M1 42 ` Aj - Gn 
42, An > Mj ` An 
A = 


aji aj2 see Ajj see Gin 


An An ` Anj ` Am 
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3) 


The judgment matrix is built from top to bottom according to the indicator 

system. The elements of the judgment matrix represent the degrees of rela- 
tive importance between elements in the relevant hierarchy for a specific 
element (or target) of the previous hierarchy. Degrees of relative importance 
between elements are divided into five grades. 
Single-criterion sorting: For a judgment matrix A, calculate the characteris- 
tic root and characteristic vector W that satisfies the equation W =AmaxW, 
where Amax Means the maximum characteristic root of the matrix, which 
can be used for a consistency test of the matrix; and W is a characteristic 
vector relative to Amax, and its component W; is the weight of the relative 
element. Common calculation methods include the power algorithm, 
weighted geometric, and sum-product algorithm (SPA) methods, where: 


(AW) 


Arak = i 


nw; 


Consistency test: In order to guarantee that the conclusions obtained by the 
AHP method are basically reasonable, the deviation limit of the judgment 
matrix must be subject to a consistency test within a certain scope. 

Overall hierarchy sorting and consistency test: Although the hierarchy- 
sorting method gains better applications, it shall be subject to the con- 
sistency test due to subjective judgment. The determination of each 
individual indicator weight is based on the evaluation indicators that 
have been selected, and the key is to determine the weight of each indica- 
tor. There is no way to directly determine weight by mathematical analy- 
sis. The methods relate to behavior science. Different experts will have 
different opinions and give different weight depending on circumstances, 
knowledge learned, and experience accumulated. It demonstrates that 
the adoption of some personal opinions would make the conclusion one- 
sided and poorly convincing. Thus, the weight of this project is deter- 
mined by a combination of the Delphi method and AHP. Some experts 
are invited to score, and the comments from those experts are collected 
as a basis for weight determination. The AHP method is adopted, 
questionnaires are distributed, the judgment matrix is built, and the 
weight of each of the above-mentioned indicators is determined through 
calculation. 


3.7.1.2.2 Research ona Fuzzy Comprehensive Evaluation Model 


Multihierarchy fuzzy comprehensive evaluation adopts fuzzy algorithms. It 
may cover all linear and nonlinear problems, which is highly universal. 
Moreover, it can conduct comprehensive evaluation of the factors that are 


quite dissimilar in nature, thus obtaining wide application in technical and 
economic fields. 
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As for comprehensive economic evaluation of the retired battery energy storage 
power station, there are many complicated evaluation indicators involved. These 
indicators are hierarchical, and it is difficult to quantify such a large number of 
indicators. Moreover, the judgment of the impact of this project on society is a little 
fuzzy. Thus, the fuzzy mathematical concept needs to be introduced in a compre- 
hensive evaluation, which is called a multitarget fuzzy mathematical comprehen- 
sive evaluation. In case of comprehensive evaluation of the project, the fuzzy 
comprehensive method is used to conduct a fuzzy mathematical comprehensive 
evaluation to facilitate receiving objective comprehensive evaluation conclusions. 

The priority of a fuzzy comprehensive evaluation of the project is to build a 
fuzzy comprehensive evaluation model. The specific procedures and methods 
are described as follows: 


Suppose a set U = {U), Up, U3, ..., Um} 
V={V, V2, V3, V4, V5} = (Excellent, good, average, passed, poor} 


where U is the indicator set; and V is the comment set or set of evaluation 
grades. 

Suppose R is composed of n proposals. Each proposal has an overall evaluation 
matrix composed of m indicators: R = (r;) m * n, or 


Ai f2 > Aj oct Nn 

mh m Kj Pn 
R= 

Vy 12 "ij Tin 

Tn m °°) mj > Fm 


where rj is the affiliation of comment V; (j=1, 2, 3, 4, 5) made relative to 
indicator Uj. 


The weight set A- (a A23.. «An [$a = | means a fuzzy subset in the standard 
i=l 


set U, reflecting the importance of indicators; here, a; means the weight of indicator 
U; (the weight of each indicator shall satisfy the requirements for normalization). 
Fuzzy comprehensive evaluation B is a fuzzy subset in the evaluation set V. 


ni n2 ct Ny oct fin 
hi M2 rj Pn 
B= AR =| m,r: san | =| bibr: bn | 
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The above is a fuzzy comprehensive evaluation model where: 


A means the weight sector, A = (ay, a9, ...) am). 

a; means the total value of weight obtained by the evaluation indicator i in the 
overall target of the proposal selection, (i-1, 2, ..., n): a; € [0, 1] and La,=1. 

R means the total evaluation matrix composed of rı evaluation indicators: R 
(Ri) n*m. 

rj; means the affiliation of indicator i in Proposal j (degree of relative satisfac- 
tion), R; € [0, 1]. 

A means the comprehensive evaluation matrix: B = (by, by, ..., bn) = (b;) 1 * n. 

B; means the comprehensive evaluation value of Proposal j. The larger b;, the 
better the effect will be. The proposal corresponding to the maximum of bj; 
is the relatively optimal one: bj = Zairi, j=1, 2, ..., n. 


3.7.1.2.3 Empirical Analysis of Economic Evaluation of Retired Battery 

Energy Storage Power Station 

Building of Economic Evaluation Indicators Comparisons were made between 
the cases of having and not having retired battery energy storage power 
stations through economical evaluations on both cases so as to evaluate the 
energy storage power station. In contrast to other energy storage power 
stations, the retired battery energy storage station enjoys the advantages of 
smaller scale, more environmental friendliness and energy conservation, 
more excellent voltage and frequency regulation, lower requirements for ter- 
rain, and shorter service life; thus, national economic indicators and environ- 
mental indicators can be ignored. Meanwhile, the retired battery energy 
storage power station is mainly used for new-energy power generation, which 
is usually used in the applications without a power supply or interconnected 
power grid [18, 19]. When conducting evaluations on the energy storage 
power station, these factors shall be taken into full account. The economic 
evaluation indicators built thus are shown in Table 3.15. 


Weight Determination of Each Individual Indicator The determination of each 
individual indicator weight is based on the evaluation indicators that have 
been selected, and the key is to determine the weight of each indicator. The 
weight of this project is determined by a combination of Delphi method and 
AHP. Some experts are invited to score, and the comments from those 
experts are collected as a basis for weight determination. The AHP method 
is adopted, questionnaires are distributed, the judgment matrix is built, and 
the weight of each indicator determined through calculation is shown in 
Table 3.16. 

Namely, A = (0.0628, 0.0454, 0.0498, 0.0370, 0.0316, 0.0253, 0.0494, 0.0310, 
0.0319, 0.0561, 0.0476, 0.0148, 0.0099, 0.0063, 0.0103, 0.0343, 0.0512, 0.0302, 
0.1155, 0.0832, 0.0549, 0.0566, 0.0648). 


Table 3.15 Structure of a comprehensive economic evaluation indicator system of an energy storage power station. 


Tier | Tier Il 


Tier Ill 


Tier IV 


Remarks 


Retired battery Economic benefit 
energy storage 
power station 


Social benefit 


Power grid efficiency 


Sustainable development 


Financial evaluation 


Employment effect 
Satisfaction of electric power 
users 


Satisfaction of electric power 
suppliers 


Satisfaction of the government 


Power grid benefit 


Environmental impact 


Energy impact 


Financial internal rate of return 

nvestment return period 

Loan repayment period 

Debt-to-asset ratio 

ncrease in employment rate 

Electric consumption guarantee rate 
Satisfaction toward power supply quality 
Effect of equipment loss reduction 

Effect of coal conservation 

Effect of saving starting and shutdown costs 
Effect of increasing unit load 

ncrease in financial revenues 

mpact on investment environment 
Promoting the development of relevant sectors 
mproving the economic benefit of the power grid 
mproving the stability of the power grid 
mproving the reliability of power supply 
mproving the quality of power supply 
Contributory compensation 

mpact on vegetation resources 

Reduction of environmental pollution 


Promoting sustainable development of new energy 


ncreasing energy utilization 


Indicators may be 
selected or added 
according to actual 
construction conditions 
of the project. 
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Table 3.16 Calculation sheet for overall sorting of evaluation indicators. 


Item 


Financial internal rate of return dı 
Investment return period dz 
Debt-to-asset ratio d3 

Loan payment period d4 

Increase in employment rate ds 
Equipment loss reduction de 
Effect of coal conservation dy 


Effect of saving starting and shutdown 
costs dg 


Effect of increasing unit load do 

Electric consumption guarantee rate dio 
Satisfaction toward power supply 
quality dy, 

Increase in fiscal revenues di2 

Impact on investment environment d)3 


Promoting the development of relevant 
sectors di4 


Impact on vegetation resources di5 
Reduction of environmental pollution dy. 


Promoting the sustainable development 
of new energy di7 


Increasing energy utilization dig 


Improving the economic benefit of the 
power grid di9 


Improving the stability of the power grid 
doo 


Improving the reliability of power 
supply do; 
Improving the quality of power supply d2 


Contributory compensation dz3 


Total 


bı bz bs by 
0.195 0.304 0.126 0.375 
0.322 
0.233 
0.255 
0.190 
0.104 
0.184*0.453 
0.359*0.453 
0.225*0.453 
0.232*0.453 
0.541*0.341 
0.459*0.341 
0.476*0.102 
0.321*0.102 
0.203*0.102 
0.082 
0.272 
0.406 
0.240 
0.308 
0.222 
0.146 
0.151 
0.173 


Overall 
sorting 
of Tier d 


0.0628 
0.0454. 
0.0498 
0.0370 
0.0316 
0.0253 
0.0494. 
0.0310 


0.0319 
0.0561 
0.0476 


0.0148 
0.0099 
0.0063 


0.0103 
0.0343 
0.0512 


0.0302 
0.1155 


0.0832 


0.0549 


0.0566 
0.0648 


1.000 
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Comprehensive Evaluation Result The affiliation of each individual factor is 
determined by the fuzzy statistical method. Both comment set V and standard 
affiliation set U are determined as follows: 


V= [vivas . ove} U= {us,U2,...ux} 


The V and U determined in this project are determined as follows (take k as 
5 here): 


V= {v1 (excellent ),v. (good),v; (average ),v4 (passed),v5 (poor)|; 
U= {1.0(excellent),0.8(good),0.5(average)),0.2(passed),0.0(poor). 


Some experts who are quite familiar with energy storage power station pro- 
jects are invited to score an indicator in the cases of having and not having a 
retired battery energy storage power station. Specific points are not required to 
be given in scoring. Just click the most proper level among excellent, good, 
average, passed, or poor. Specific materials shall be consulted in scoring, trying 
to be fair and objective. Statistical analysis is conducted according to experts’ 
comments. Arithmetic average of the scoring results is obtained. When the 
retired battery energy storage power station is built, R,=(1.0000, 1.0000, 
0.8000, 0.800, 0.85, 0.8667, 0.8333, 0.9, 0.8, 0.7833, 0.65, 0.7, 0.5, 0.6, 0.933, 
0.92, 0.75, 0.75, 0.9333, 0.9, 0.75, 0.7, 0.7). 

When there is no retired battery energy storage power station, R, = (0, 0, 0, 0, 
0.2167, 0.2, 0.2167, 0.1333, 0.3, 0.45, 0.5, 0.4, 0.3, 0.3, 1, 1, 0.45, 0.5, 0.0333, 0.5, 
0.45, 0.3333, 0.3333). 

Substitute the overall sorting weight A of the weight sector, and overall com- 
ment matrixes R; and Ry, into a mathematical model of fuzzy comprehensive 
evaluation. MATLAB software is used for programming, and B, and B, are 
calculated as follows: 

Bı =A x Rj =(0.0628, 0.0454, 0.0498, 0.0370, 0.0316, 0.0253, 0.0494, 0.0310, 
0.0319, 0.0561, 0.0476, 0.0148, 0.0099, 0.0063, 0.0103, 0.0343, 0.0512, 0.0302, 
0.1155, 0.0832, 0.0549, 0.0566, 0.0648) x (1.0000, 1.0000, 0.8000, 0.800, 0.85, 
0.8667, 0.8333, 0.9, 0.8, 0.7833, 0.65, 0.7, 0.5, 0.6, 0.933, 0.92, 0.75, 0.75, 0.9333, 
0.9, 0.75, 0.7, 0.7)" = 0.8261. 

B2= A x Ry = (0.0628, 0.0454, 0.0498, 0.0370, 0.0316, 0.0253, 0.0494, 0.0310, 
0.0319, 0.0561, 0.0476, 0.0148, 0.0099, 0.0063, 0.0103, 0.0343, 0.0512, 0.0302, 
0.1155, 0.0832, 0.0549, 0.0566, 0.0648) x (0, 0, 0, 0, 0.2167, 0.2, 0.2167, 0.1333, 
0.3, 0.45, 0.5, 0.4, 0.3, 0.3, 1, 1, 0.45, 0.5, 0.0333, 0.5, 0.45, 0.3333, 0.3333)" = 0.2895. 

Fuzzy comprehensive evaluation result: When there is a retired battery energy stor- 
age power station, the comprehensive evaluation vectors B; and B, are [0.8261] and 
[0.2895], respectively. That is to say, the evaluation result in the case with a project is 
09.8261 (>0.60), and the evaluation result in the case without a project is 0.2895. 
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It demonstrates that the comprehensive evaluation result of the retired battery energy 
storage project is better than the result obtained without a project. 

By reference to the evaluation indicator system of the pumped storage power 
station, this research built the economic evaluation indicator system for retired 
battery energy storage power stations from four tiers; focused on four aspects 
of economic evaluation from four indicators: economic evaluation, sustainable 
development, social evaluation, and power grid benefit; adopted the AHP 
method to weight all evaluation indicators; obtained the overall sorting and 
calculation sheet for evaluation indicators; and, finally, conducted empirical 
analysis of economic evaluation in the cases of having and not having a retired 
battery energy storage system. The calculation result demonstrates that the 
retired battery energy storage power station is more economical [20]. 

Compared with other energy storage power stations, the retired battery 
energy storage power station is unique. Research on its technical and economic 
evaluation system needs to be further developed. The key is how to establish a 
proper and reasonable indicator weighting method. 


3.7.2 Research on Evaluation Results of Demonstration Project 
Operation Effects 


According to the requirements for the demonstration project, this chapter 
conducted systematic analysis of the cost composition of a typical battery 
energy storage system, obtained the total costs and costs per kilowatt-hour of 
both new and retired battery energy storage systems, and studied the applica- 
tion of both systems on wind farms based on the above to improve the economic 
benefits of wind power interconnection and reduce wind abandoning. Finally, 
this chapter judged the difference in economic benefits of two energy storage 
systems based on an investment-to-income ratio, which demonstrates the 
financial feasibility of retired battery reuse [21-22]. 


3.7.2.1 Cost Composition of a Battery Energy Storage System 

3.7.2.1.1 Analysis on Cost Composition of a Retired Battery Energy 

Storage System 

The specification of the typical retired battery energy storage system adopted 
in this chapter is 768 V/168 Ah (129 kWh). The details of its cost composition 
are shown in Table 3.17. The costs of retired battery energy storage systems are 
composed of the initial equipment investment cost, battery screening and 
regrouping cost, infrastructure cost, as well as operation and maintenance 
cost. The initial equipment investment cost covers retired batteries, as well as 
the battery cabinet, BMS, PCS, monitoring equipment, cable, and lightning 
protection grounding, totaling RMB 307,500 yuan. The battery screening and 
regrouping cost is RMB 10,000 yuan, the infrastructure cost is RMB 25,000 
yuan, and the operation and maintenance cost is RMB 0.01 yuan/kWh. 
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Table 3.17 Cost details of a typical retired battery energy storage system. 


Unit price Total price 


No. Name Specification Quantity (RMB yuan) (RMB yuan) 

1 Single retired battery 14Ah/3.2V 2880 

2 Retired battery model 12P24S 10 

3 Retired battery module 10S 1 RMB 0.5 64,500 

yuan/Wh 

4 Battery cabinet 2 3000 6000 

5 BMS 1 50,000 50,000 

6 PCS 100 kW 1 150,000 150,000 

7 Monitoring equipment 1 10,000 10,000 

8 Cable 5*70mm? 100m 220 22,000 

9 Lightning protection grounding 1 5000 5000 
Initial equipment investment 307,500 
cost 

10 Battery screening and 10,000 
regrouping cost 

11 Infrastructure cost 25,000 

12 Operation and maintenance 12,900 
cost during the service life 
Total 355,400 
Cost per kilowatt-hour 2755 


The sum of the above costs is RMB 355,400 yuan, or RMB 2755 yuan/kWh. 
Economic benefits are calculated according to 500 times of recycling and 
6 years of operation of the retired battery energy storage system. 


3.7.2.1.2 Analysis of Cost Composition of a New Battery Energy Storage System 
In terms of cost composition, the difference between the new and retired 
battery energy storage systems is mainly derived from the difference in battery 
costs as well as operation and maintenance costs. A new battery costs RMB 4 
yuan/Wh. By reference to the retired battery energy storage system cost analy- 
sis method, the total costs for the new battery energy system are RMB 775,000 
yuan or 6000 yuan per kWh. Economic benefits are calculated according to 
1000 times of recycling and 10 years of operation of the retired battery energy 
storage system. 

It can be seen, from the application effects of both retired and new battery energy 
shortage systems, that the former enjoys a higher investment-to-income ratio. 
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When taking environmental and social benefits obtained in its application, the 
reuse of retired power batteries is more cost-effective. 

Economic analysis of retired battery reuse is applicable not only to energy 
storage systems but also to other reuse applications. 


3.7.3 Economic Analysis of a Transformer Substation UPS Based 
on Battery Reuse 


Take one set of 240 V/200 Ah transformer substation UPS, for example. If new 
lithium-ion batteries are adopted, 240V/200Ah lithium-ion batteries cost 
RMB 96,000 yuan; a BMS costs RMB 6000 yuan; an inverter, RMB 5000 yuan; 
a case and parts, RMB 10,000 yuan; and a conductor tie and installation cost 
around RMB 5000 yuan, totaling RMB 122,000 yuan. If retired lithium-ion 
power batteries are adopted, 240 V/200 Ah batteries cost RMB 16,000 yuan and 
other costs remain unchanged, totaling RMB 42,000 yuan. Through adoption 
of one set of 240 V/200 Ah substation UPS, the following costs may be saved: 
RMB 122,000 - 42,000 yuan = 80,000 yuan. For five groups of retired battery 
UPSs, a total cost of RMB 400,000 yuan will be saved. The lead acid battery 
module shall be subject to checking discharging once every two years and 
checking the battery module SOC, with a cost of RMB 2000 yuan each, totaling 
RMB 10,000 yuan. And the UPS used does not require discharging checks; it 
needs only a regular checking management system. Thus, for those five groups 
of substation DC storage batteries, a checking discharging cost of RMB 10,000 
could be saved in two years. RMB 410,000 would be saved in total. 


3.7.4 Economical Analysis of an Irrigation Pump Based 
on Battery Reuse 


Take one set of DC pumps, for example. If new lithium-ion batteries are 
adopted, 240 V/200 Ah lithium-ion batteries cost RMB 28,800 yuan; a BMS 
cost RMB 10,000 yuan; an inverter, RMB 3000 yuan; a case and parts, 
RMB 3000 yuan; and a conductor tie and installation cost around RMB 5000 
yuan, totaling RMB 49,800 yuan. If retired lithium-ion power batteries are 
adopted, 240 V/200 Ah batteries cost RMB 4800 yuan and other costs remain 
unchanged, totaling RMB 25,800 yuan. A set of 240V/200 Ah transformer 
substation UPSs can save RMB 49,800 yuan — 25,800 yuan = 24,000 yuan. RMB 
24,000 yuan would be saved for 10 sets of systems. 

Ten sets of 240 V/60 Ah have a total capacity of 144 kWh. There is one charg- 
ing and discharging cycle each year, with an idle time of 200 days. Take the 
charging and discharging efficiency of lithium-ion batteries as 90%, and accu- 
mulated electric power stored as about 26,000 kWh. According to the large- 
scale industry peak—valley difference in electric tariffs, the peak tariff of 
common large-scale industry is 1.77 times that of the feed-in tariff; the peak 
tariff is 0.5 times that of the feed-in tariff, and the difference in charging and 
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discharging costs for energy storage equipment is 1.27 times that of the feed-in 
tariff. The large-scale industry tariff of Henan Province is RMB 0.6292 yuan. 
And the peak—valley tariff difference within a year totals RMB 26000 * 1.27 * 
0.6292 = 20,800 yuan, with a total revenue of RMB 62,400 yuan in three years. 

In a word, the total economic benefits of the above within three years are 
RMB 310,000 yuan. 
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Resource Utilization and Harmless Treatment 
of Power Batteries 


4.1 Environmental and Resource Concerns 
Regarding Spent Lithium-ion Batteries 


4.1.1 A Cumulative and Explosive Growth Trend Will Appear 
for Retired Lithium-lon Batteries 


The Obama administration implemented the Green New Deal, in which elec- 
tric vehicles (EVs) were taken as an important part of the national strategy. By 
the end of 2015, the total number of various EVs in the United States had 
reached 400,000. In Germany, there were 50,000 EVs of various types as of the 
end of 2015. The German government planned to popularize 1 million EVs 
and plug-in hybrid vehicles in the future, and declared the implementation of 
a plan in which Germany would enter the era of EVs. Japan regarded the 
development of EVs as the core of the “low-carbon revolution” As reported 
by Japan’s Ministry of Economy, Trade and Industry (METI), Japan had 
140,000 EVs of various types by the end of 2015 and planned to have 1 million 
EVs by 2020. 

According to the Plan of China [1], China had 120,000 EVs of various types 
by the end of 2014. By 2020, the production capacity of battery EVs and plug-in 
hybrid vehicles will have reached 2 million, and the cumulative production and 
sales will be more than 5 million. 

The wide use of EVs will produce a sustained huge demand on power batter- 
ies. In 2013, the application amount of EVs (mainly, new-energy vehicles) in 
the domestic lithium-ion battery market exceeded 2900 MWh. In 2014, the 
production of lithium-ion batteries used in EVs was 4396 MWh. In the first 
half of 2015, the shipment quantity of power batteries reached 2720 MWh, and 
that of the whole year of 2015 was estimated to be more than 11,000 MWh. 
Under the current operating conditions of China’s existing battery EVs, the 
service life of a power battery is 3 ~ 5 years. It is expected that the scrappage of 
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power batteries used in EVs in China will reach 340,000 t in 2024. From 2014 
to 2024, the accumulative amount of scrapped lithium-ion batteries will be 
approximately 1 million tons, which will exert enormous pressure on the 
environment. 

According to the statistics of the Science and Technology Department of 
the State Grid Corporation of China (SGCC), by the end of 2015, the SGCC 
will produce over 100 MWh waste lithium-ion power batteries, including 
88.44 MWh phosphoric acid iron batteries, 9.74 MWh lithium manganate 
batteries, and 2.77 MWh ternary lithium-ion batteries. Besides, power lithium- 
ion batteries in service comprise more than 400 MWh. In the coming years, 
there will be hundreds of megawatt-hours of retired power lithium batteries 
from EVs per year. 

In regard to energy storage, the lithium-ion battery energy storage systems of 
the national wind power—photovoltaic (PV) power storage transport demon- 
stration project in China are more than 60 MWh, and they will gradually retire. 
The energy storage system of the second phase is proposed to completely use 
the retired power batteries, with an initial construction scale of 2 MW/6 MWh. 
Dozens of sets of lithium-ion battery energy storage systems in China, with 
sizes ranging from 100 kW to 1 MW, applied in the smart grid, microgrid, and 
distributed new-energy demonstration project will gradually retire in the com- 
ing years, which will entail recycling and treatment demands. 


4.1.2 There Is a Significant Practical Need to Carry out Recycling 
of Waste Lithium-lon Batteries 


With the retirement and scrapping of a large number of energy storage and 
lithium-ion power batteries, their cumulative effects on health, environment, 
and safety are multiplied, which should not be ignored. The metals like 
nickel, cobalt, and lithium that are used to make batteries belong to nonre- 
newable resources. If the waste batteries are not recycled and disposed effec- 
tively, it will not only do great harm to the environment but also cause a 
waste of resources. 

Recycling waste batteries to achieve resource recovery and reuse of metal 
materials in energy storage and power batteries can reduce the development 
and use of raw materials in total, reducing the damage to the ecological envi- 
ronment and improving the utilization rate of resources. 

According to statistics, the cost of 18,650 cylindrical batteries used by Tesla 
has reduced by about 40% from 2007 to 2012, as a result of the scale application 
of reuse. Therefore, the recycling of waste lithium-ion batteries can also meet 
important practical needs, evidently reducing battery costs and promoting the 
application of EVs. 
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The harmless treatment of waste batteries is also a key step in its full 
lifecycle. It can reduce potential safety hazards and environmental impacts 
of batteries, solving the “troubles” and the major technical bottleneck for 
the sustainable development of energy storage and EVs, which is of great 
significance. 

The goal is to achieve the green closed-loop of the full lifecycle of batteries so 
that the resource recovery and harmless-treatment purposes can be realized to 
reach the objective significant comprehensive benefits in terms of resource, 
environment, and economy. Aiming at the key technologies for recycling and 
harmless treatment of retired energy storage batteries and power batteries, this 
project mainly involves a study on the waste battery pretreatment technology, 
low-cost and low-energy consumption recycling of batteries and the key tech- 
nologies for harmless treatment, and validation and evaluation for the scaled 
recovery technologies of the retired lithium-ion batteries of different types and 
specifications. 

Though the recovery and treatment of retired batteries, the metal, elec- 
trode, and other materials in the retired lithium-ion batteries may be recov- 
ered, which will reduce energy storage costs, promote the advance of energy 
storage technologies, and achieve wide application of energy storage tech- 
nology, thus improving the production and substitution levels of clean 
energy. Besides, it can also significantly reduce the battery cost, and 
enhance the promotion and application of EVs, fundamentally driving the 
automotive industry to develop in the direction of high electrification level, 
low energy consumption, low emission and even zero emission, and more 
usage of clean energy. This will guide battery production enterprises to 
develop the battery design, production, and pack technologies facilitating 
the dismantling, crushing, and resource utilization of waste batteries; pro- 
moting efficient and low-cost battery reuse; and achieving the allocation 
and reduction of battery costs, so that battery manufacturers will realize 
healthy and rapid development. 


4.1.3 Significant Benefits Obtained from Recovery and Reuse 
of Retired Lithium-lon Batteries 


4.1.3.1 Economic Benefits 

According to the previously estimated annual amount of waste batteries, 
the annual market benefit of battery recovery and reuse would be more 
than 10 billion RMB in China. Besides, documents like Planning for the 
Development of the Energy-Saving and New Energy Automobile Industry also 
contain policies supporting relevant enterprises to carry out battery reuse. 
Shanghai has even issued the following policies: governmental subsidies will 
be given to the enterprises that carry out recovery and reuse of power batteries 
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at the standard of 1000 RMB/set. Shenzhen has established a recovery and 
reuse system of waste batteries: the manufacturer provides 600 RMB and 
the government provides 300 RMB as the funds to recover and reuse each 
set of batteries that are produced by the manufacturers. The governmental 
support subsidies make the benefits from battery recovery and reuse more 
considerable. 

Taking the production capability of treating 5000 t used ternary lithium-ion 
batteries and production waste as an example, the annual benefit will be 48.28 
million RMB as summarized here: 


1) Total investment: The total investment for the construction of the production 
line of 5000 t ternary lithium-ion batteries is 60 million RMB. 

2) Sales revenue: Let us take as an example the production capability of treat- 
ing 5000 t used ternary lithium-ion batteries and production waste. Suppose 
that the amount of cobalt contained in lithium-ion secondary batteries 
accounted for 30%, nickel comprised 10%, the annual production of cobal- 
tosic oxide was 1500 t and that of electrolytic nickel was 500 t, and the total 
value of output was 247.5 million RMB. See Table 4.1. 

3) Estimation of battery reuse costs: The annual total cost is estimated to be 

about 164.4 million RMB. 
A) Reuse cost for 5000 t retired lithium-ion batteries and waste materials: 
135 million RMB (45,000 RMB/t) 

B) Cost of outsourced power: 3 million RMB as estimated 

C) Salary and welfare funds: Annual salary is 5.4 million RMB based on 
monthly salary of 3000 RMB, and the total employee number is 180. 

D) Financial cost: 16 million RMB 

E) Other expenses: The total amount for equipment maintenance, manu- 

facture costs, management costs, and sales cost is about 5 million. 

Total profit and distribution 


ma 


oo 
D 


Total profit = 247.5 -164.4 = 83.1 million RMB 
Profit ratio of investment = profit / investment = (247.5 — 164.4) / 60 =1.385 


Profit and tax investment ratio =(net profit + added-value tax) / 
total investment =(83.1+83.1* 17%) / 60 =1.62 


Capital net profit ratio = net profit ratio / sales revenue = (247.5 — 164.4) / 
247.5 =33.6% 


Vat amount = (247.5 — 164.4) * 17% =14.127 million RMB 
Individual income tax = (83.1 — 14.127) * 30% =20.6919 million RMB 
Yearly average after-tax profit =83.1—14.127 —20.6919 = 48.2811 million RMB 


Payback period of investment = total investment / 
(yearly average after-tax profit + depreciation of fixed assets) + 
construction period = [60 / (48.2811 + 60* 20%)] +1.5=2.5years 
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Table 4.1 Annual reuse value of the project. 


Unit price Total price 
Waste material Quantity (t) (10,000 RMB/t) (10,000 RMB) 
Cobaltosic oxide 1500 14 21,000 
Electrolytic nickel 500 7.5 3750 


4.1.3.2 Social Benefits 

The project results are of great practical significance for countries seeking to 
achieve original technological breakthroughs in the field, solutions to difficult 
technical problems, the establishment of evaluation methods and a standard 
system, and leadership and enhancement in research on battery recovery and 
reuse and the application scale. 

The project research results can form an industry chain involving battery 
reuse and treatment technology and equipment, the overall solution, and 
recovered products, with the recycling of waste batteries as the objective, the 
resource renewing as the guidance, and battery manufacturers, users, and 
recovery enterprises widely participating. 

Currently, the price of lithium carbonate material for the battery’s production 
has been up to 60,000 RMB/ton, and there is a serious shortage of stock and 
a short supply. It is estimated that by 2017, the lithium carbonate will be in a 
serious shortage, seriously hampering the healthy development of the power 
battery manufacturers of China, and thus hindering the rapid development of 
EVs. The SGCC carried out the technology research and application regar- 
ding battery resource utilization, and developed the technology to extract 
and recover lithium salt, which will greatly alleviate the situation in the 
tight supply of lithium salt, promote the sustainable development of energy 
storage and EVs, and represent a central enterprise’s social responsibility to 
the maximum extent. 


4.1.3.3 Environmental Benefits 

The components of copper, aluminum, nickel, cobalt, and lithium-ion should 
be recovered, and the negative electrode material, separator, and electrolytic 
solution should be subjected to the harmless treatment; these are conductive 
to avoid potential environmental threats from the waste batteries, reduce the 
exploitation of mineral resources and the demands on other raw materials, and 
provide comprehensive social benefits in terms of energy conservation and 
emission reduction, resource conservation, and reduction of ecological dam- 
age to the environment, among others. The results of research show that the 
reuse of lithium-ion batteries can save natural resources by 51.3%, including 
reduction in ore consumption by 45.3% and fossil energy consumption by 57.2%. 
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A research team draws a conclusion that the total energy consumed to prepare 
LiCoO), with the direct physical recovery equipment is only 6% of the normal 
production process. 

To sum up, energy storage and power batteries have already been deeply 
developed and applied by the SGCC, which means a large number of 
waste batteries will be produced every year, so their reuse and treatment are 
in urgent demand. The SGCC has built a considerable electric charging and 
alternating service network, and it will continue to improve and expand its 
scale. It is ideal for the collection of waste batteries to reduce the collection 
costs and improve the collection efficiency. One of the main research direc- 
tions of the SGCC in terms of the grid waste recycling technology lab is the 
reuse and recovery treatment of lithium-ion batteries, and continuous 
technology research and application on the recovery and application of 
lithium-ion batteries have been conducted. Therefore, the perfect battery 
collection network and the advanced technology innovation platform are 
conducive to the research and application of the reuse and harmless-treat- 
ment technology of waste batteries, which will produce significant eco- 
nomic and social benefits. 


4.1.4 Laws and Policy Requirements for Recycling Retired 
Lithium-Ion Batteries 


The United States, European countries, and Japan have a relatively perfect 
waste battery-recycling management system. Thereof, the United States has 
established a battery-recycling system and a number of treatment plants, and 
meanwhile has tirelessly educated the public to consciously support and coop- 
erate with the recycling of waste batteries. 


4.1.4.1 United States 

The United States has the most (in number and in detail) legislation in envi- 
ronmental management with respect to waste batteries. US regulations for 
controlling battery reuse are sorted into three levels: federal regulations, state 
regulations, and local regulations. Many management plans are developed to 
control the battery manufacturing and reuse. Thereof, the federal regulations 
on battery reuse management include: 


1) Resource Conservation and Recovery Act (RCRA): The RCRA defines the 
waste batteries as hazardous, so it is required to perform and record “from 
cradle to grave” lifecycle tracking on the hazardous waste. For the recovery, 
storage, transportation, treatment, and other operations of batteries, per- 
mits must be obtained, and the previous pollution should be removed 
gradually as well [2]. 

2) Clean Air Act (CAA): The CAA lists lead as one of the six standard pollut- 
ants for evaluation of air pollution, and there is a series of standards used 
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for control and management of lead emissions. All the standards are imple- 
mented through detailed permits. The authorities may control lead emis- 
sions of battery manufacturers and secondary lead smelting plants [3]. 

3) Clean Water Act (CWA): The CWA clearly defines the indicators of various 
pollutants in water emissions. Every water discharge unit must have the 
wastewater discharge permit obtained after passing the water discharge test 
in accordance with the act. Battery manufacturers and smelting plants are 
all required to have the permits for wastewater discharge [4]. 

4) Mercury-Containing and Rechargeable Battery Management Act: This act, 
known as the Federal Battery Act for short, sets out the requirements on the 
production, collection, transportation, storage, and other operations for 
waste batteries. At the same time, the Federal Battery Act stipulates that the 
batteries sold and used in the United States must have a unified identifica- 
tion, in order that consumers can assist in battery reuse. It is prohibited to 
sell and use batteries containing mercury [5]. 

5) State-level “BCI model”: Most of the states have adopted the battery- 
recycling regulations proposed by the International Battery Association 
(BCI), namely the BCI model. The BCI model is the first product adminis- 
tration act that is specific to batteries. It was prepared by BCI as early as 
20 years ago, and then implemented by state-level governments. At present, 
more than 90 percent of the US population lives in states where this act is 
adopted. Ten years ago, the BCI model was incorporated into the legislative 
agenda of federal lead regulations with a wide range, but it was not adopted 
due to many controversial provisions. 

The BCI model has the following requirements on battery consumers, 
retailers, and wholesalers. (1) Consumers shall transfer the waste batteries 
to retailers, wholesalers, or secondary lead-smelting enterprises, and it is 
prohibited to treat the waste batteries by themselves. (2) When a customer 
intends to buy new batteries from any retailer, he or she must exchange 
them with retired ones, and the quantity of the waste batteries should be no 
less than the number of new batteries to be bought. (3) As for the alternative 
batteries that retailers are selling, a customer must pay $10.00 as the deposit. 
Only when the customer returns the waste battery of the same type can the 
deposit be refunded. (4) Upon a transaction, retailers are required to submit 
the batteries they have collected within 90 days to the wholesaler. (5) The 
government will inspect whether the retailers and wholesalers’ behavior 
meets the above requirements. In case of violation of regulations, they will 
be subject to fines and other penalties accordingly. 

6) Rechargeable Battery Recycling Act of California: In 2006, the State of 
California issued the Rechargeable Battery Recycling Act. The act requires 
all rechargeable battery retailers in the State of California to collect retired 
rechargeable batteries sent by consumers free of charge. This act covers all 
the rechargeable battery retailers in California [6]. 
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7) Electronic Equipment Recycling and Reuse Act of New York City: In 2011, 
New York City supplemented the Electronic Equipment Recycling and 
Reuse Act, adding the following requirements: the public must send the 
waste batteries at home to recycling units; it is prohibited to discard waste 
batteries mixed common garbage; and automotive battery retailers have the 
duty to recover the waste batteries free of charge. When a consumer buys a 
vehicle battery, he or she has to pay an additional handling charge of $5.00, 
used as the future reuse cost of the battery [7]. 


4.1.4.2 European Union 

Germany first determined the main obligation body for recycling of waste 
batteries in law, which fundamentally solved the battery treatment costs. 
A non-profit organization, GRS, strictly operated the entire system. After the 
collection and transportation of waste batteries, they are strictly sorted, treated, 
and recovered. Denmark is the first country in Europe to carry out recycling of 
waste batteries. In 1996, Denmark began the recovery of nickel-cadmium bat- 
teries. The price of a battery included a battery reuse cost of 0.90 dollars for 
each, among which a part of the amount is paid to the battery recyclers. 


4.1.4.2.1 Directive 2006/66/EC of the European Parliament of the Council on Batteries 
and Accumulators and Waste Batteries and Accumulators and Repealing Directive 
91/157/EEC 

From September 26, 2008, the EU implemented Directive 2006/66/EC, referred 
to as the Battery Directive for short [8]. This directive set out high require- 
ments on the design of cells and batteries in the EU area, and the treatment of 
waste batteries. 

It requires EU Member States to develop reasonable battery collection pro- 
grams in accordance with the directive. The programs shall ensure that end 
users can easily find waste cell and battery collection points, that it is free for 
users to discard waste batteries at the collection points, and also that users are 
not required to buy new batteries for doing that. Chapter IX states that the EU 
members can encourage the recovery of waste batteries via tax rates or other 
economic adjustment means to promote the recycling of batteries containing 
fewer pollutants. Chapter X sets out that, by September 26, 2012, the recovery 
of waste batteries in each EU member state shall be at least 25%; and, by 
September 26, 2016, the value shall be no less than 45%. 

In addition, the Batteries Directive also contains specific provisions on easy 
disassembly of battery, recycle and disposal, labeling, and the like. When 
designing the electric appliances, the manufacturer shall ensure that the waste 
batteries and batteries can be disassembled from the electric appliances at any 
time and instructions shall be attached to the electric appliances to guide how 
to disassemble the batteries safely. When selling, the traders shall comply with 
the following provisions on labeling: all cells, batteries, and battery modules 
shall be attached with a sign of a wheel-mounted waste bin with a cross on it. 
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If the cells, batteries, and battery modules are smaller than a certain dimen- 
sion, the sign can be printed on the package. After September 26, 2009, electric 
capacity shall be marked on all kinds of portable batteries, automobile batter- 
ies, and batteries; for all cells, batteries, or button cells with mercury content 
greater than 0.0005%, cadmium content greater than 0.002%, and lead content 
greater than 0.004%, chemical symbols and other information shall be 
attached. 


4.1.4.2.2 EU Waste Electrical and Electronic Equipment (WEEE) 

On July 24, 2012, the European Union released a new version of the WEEE 
Directive in its Official Journal [9]. The primary goal of this Directive is to 
prevent and control the environmental pollution caused by WEEE; the second- 
ary goal is to realize reuse, recycling, and other forms of recycling under WEEE 
to reduce the waste released into the environment. 


4.1.4.2.3 German Law of Waste-Related Product Responsibility for Batteries and 
Accumulators 

This act, which is called the Battery Law for short, was issued; it stipulates that 
the producers and retailers (importers) can sell the batteries only under the 
condition that a collection and recovery system (which needs to be integrated 
into the existing recovery system) has been set up. It also stipulates that the 
battery producers must set up facilities to recycle and dispose of hazardous 
substances in batteries. They shall also be responsible for publicity and for 
education to consumers [10]. 


4.1.4.2.4 Germany Law of Recycle Economy and Waste Handling 

This is a representative law and regulation for the development of Germany’s 
recycling economy [11]. It stipulates the product responsibility: that is, the one 
who developed, produced, and managed the products shall undertake the 
product responsibility meeting the goals of recycling. For the wastes that 
generate more than 2 tons a year and need to be monitored specially, economic 
plans for waste disposal must be made. This law also contains clear and strict 
specifications on the obligations of the public, consulting obligations of waste 
disposal personnel and competent departments, and so on. 


4.1.4.2.5 Netherland Regulations on Cells and Batteries 

This involves all batteries sold and used in the Netherlands (including imported 
batteries) and strictly restricts the types and content of hazardous substances 
in batteries [12]. It stipulates that the producers and distributors are obliged to 
establish an effective recycling system to recycle, process, and dispose of differ- 
ent types of batteries to reduce their impact on the environment. They may 
implement the above by a third party through cooperation, and this third party 
is required to come to the environmental protection department for registra- 
tion and to submit situation reports and recycling reports regularly. 
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4.1.4.3 Japan 

Japan has been seeking a form of recycling society and has been taking its place 
in the front ranks of the world in the field of waste battery recycling. Japan 
started to recycle batteries in 1993, and at present, the lead-acid batteries used 
in automobiles are being recycled completely. 

First, the Law of Effective Utilization of Resources, which came into effect in 
April 2001, specifies three ways to reduce waste pollutions: reasonably use raw 
materials, and extend the product service life and recycling of waste products [13]. 
The management scope of this law involves 10 industries and 69 products, and it 
set up resource-saving specified product categories, specified products promoting 
recycling, and specified products for recycling. It manages the products within the 
scope of national power by categories. 

The law specifies the type and limit content of the restricted hazardous 
substances, for example, lead (<0.1%), mercury (<0.1%), cadmium (<0.01%), 
hexavalent chromium (<0.1%), and practicing bromobenzene (<0.1%). The 
limiting values are in line with the RoHS Directive of the European Union. 
If the content of the above six chemical substances exceeds the limit, the 
producers must attach the specified identifications, and recycling must be 
carried out. The users are required to send the waste secondary batteries 
and button cells to electric appliances shops and other specialized recycling 
facilities. 

Second, in 1993, Japan modified the Energy Conservation Ordinance 
and issued the Renewable Resource Law at the same time, which clearly 
specifies three channels for consumers to recycle nickel-cadmium batteries 
and dry batteries to enterprises responsible for recycle disposal. After 
separate collection, the batteries are handed over as a whole by a local self- 
government body, by battery retailers and producers, and by major retailers 
of supporting electrical appliances and their service centers; in this way, the 
recycling channels are improved [14,15]. Japan’s Ministry of International 
Trade and Industry mobilizes local self-government bodies to try to carry 
out separate recycling of dry batteries to ensure the needs of recycling 
disposal units. 


4.1.4.4 China 

In China, the prevention and control of pollution caused by waste batteries 
have had quite a late start but fast development, and relevant policies are 
gradually being improved. In 2003, the Chinese government issued the Waste 
Battery Pollution Control Technology Policy [16], in which the collection, 
transportation, storage, and resource regeneration of one-time batteries and 
rechargeable storage batteries are specified clearly. In 2011, the National 
Development and Reform Commission (NDRC), Ministry of Industry and 
Information Technology (MIIT), Ministry of Science and Technology (MOST), 
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and Ministry of Finance (MOF) put forward the following in a notice that was 
jointly issued: the vehicle or battery-leasing companies shall set up a system for 
power battery recycling, implement the responsibilities for power battery recy- 
cling, formulate relevant commitments on recycling services, and build corre- 
sponding processing capacity [17]. In July 2012, the State Council approved 
formally issuing the plan [18], which specifies to “strengthen the management 
of power battery reuse and recycling, strictly set the access conditions for 
power battery recycling enterprises, and define the technical standards and 
management requirements for such links as power battery’s collection, storage, 
transportation, processing, recycling and final disposal” State policies encour- 
age the resource recycling of power batteries, which will be conducive to the 
continuous and stable development of China’s EV industry, and will promote 
the prevention and control of heavy metal pollution. 

At the beginning of 2016, MIIT, NDRC, Ministry of Environmental Protection 
of China (MEPC), Ministry of Commerce of China (MOC), and General 
Administration of Quality Supervision, Inspection and Quarantine of China 
(AQSIQ) jointly issued the Technological Policies on the Recycling of Power 
Storage Batteries of Electric Vehicles, which is a formally issued guiding policy 
on power battery recycling of new-energy vehicles [19]. This Technology Policy 
specifies the design, production, recycling, reuse, and other aspects of power 
batteries, including lithium-ion power batteries, nickel-metal hydride (Ni/ 
MH) batteries, and so on. However, the key of this policy is to define power 
battery's recycling subject. 

It follows the law of environmental protection of “Anyone who produces 
takes the responsibility” and requires that EV production enterprises are 
responsible for recycling the power batteries mounted on their vehicles; the 
power battery production enterprises (a system of production enterprises) 
are responsible for recycling the power batteries that are sold by themselves 
to independent battery dealers (excluding the after-sale system of vehicle 
production enterprises). In addition, it requires that the EV and power bat- 
tery production enterprises (including the importers) shall be responsible 
for setting up a network for waste power battery recycling; in districts and 
cities with after-sale service branches, at least one recycling branch shall be 
specified for the collection of waste power batteries. It is encouraged to 
jointly build and share the network for waste power battery recycling by 
many enterprises, so as to reduce the recycling cost and improve the operat- 
ing efficiency of the recycling network. In terms of the incentive measures, 
the state, within the existing capital channels, will provide supports for 
enterprises adopting reuse in the form of technology research and develop- 
ment (R&D), equipment import, and so on. In the aspect of technology R&D, 
the state supports the R&D of power battery-related recycling technology 
and equipment. 
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4.2 The Main Problems, Challenges, and Future 
Prospects from Legislation and Technology 
for Recycling Spent Lithium-lon Batteries 


4.2.1 Present Situation of Technology Development for Recycling 
Lithium-Ion Battery Waste 


Lithium-ion battery-recycling technology development mainly includes three 
stages: first, recycling technology for the positive electrode materials of small- 
sized lithium cobalt oxide batteries (mainly used for mobile phones, laptops, 
digital devices, etc.); second, recycling technology for the positive electrode 
materials of lithium-ion power batteries; and, third, comprehensive resource 
utilization technology for lithium-ion power batteries. 


4.2.1.1 Recycling Technology for the Positive Electrode Materials 

of Small-Sized Lithium Cobalt Oxide Batteries 

The process of recycling of small-sized lithium cobalt oxide batteries is 
roughly divided into three steps: preprocessing of battery, separation of 
active substances and current collector, and recycling and reuse of cobalt. 
The study mainly focuses on the technology for the recycling of positive 
active materials in batteries. Based on the major key technologies referring to 
the lead-acid battery used, it can mainly be divided into four categories: a 
physical method, chemical method, biological method, and direct synthesis 
method [20-24]. 


4.2.1.2 Recycling Technology for the Positive Electrode Materials 

of Lithium-lon Power Batteries 

This mainly refers to the recycling method for positive electrode materials of 
small-sized lithium cobalt oxide batteries to recycle the positive electrode 
materials of lithium-ion power batteries. First, preprocess the spent batteries, 
including disassembling the batteries, classifying the electrodes, separating the 
active substances, and so on; and then, recycle and reuse the active substances, 
including acid solution and the selective precipitation to manganese (nickel) 
metal and lithium. 

As lithium iron phosphate (LFP) batteries are free of cobalt and other pre- 
cious metals, simple recycling of certain elements has lower economic effi- 
ciency. The mainstream direction of disposal for spent LFP batteries is currently 
the solid-state method for regeneration of LFP batteries. 


4.2.1.3 Comprehensive Resource Utilization Technology for 

Lithium-Ion Power Batteries 

The State Grid Henan Electric Power Company of Henan, China, first pro- 
posed the research idea of comprehensive resource utilization for spent power 
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Figure 4.1 Idea of comprehensive resource utility for a lithium-ion power battery. 


batteries considering benefits based on the whole lifecycle of power batteries 
(see Figure 4.1), and it performed research on reuse and recycling technologies 
for batteries. 


Reuse for retired batteries: Develop nondestructive-testing (NDT) sorting 
technology, and sort the retired battery with the higher residue capacity. 
Build an assessment method system for battery state of health (SOH) based 
on core and key parameters in order to further sort the batteries available for 
reuse. Develop the equilibrium technology of retired batteries under an 
active and passive collaborative response and battery management system 
(BMS). Based on the foregoing equilibrium technology and BMS, the battery 
for reuse upon repacking is available for reutilization after being integrated 
into an energy-storage system for the purpose of battery life extension and 
battery and energy storage cost decrease. This technology for demonstration 
application has been implemented in the wind-photovoltaic (PV)-storage 
hybrid microgrid of the Jianshan Test Base of the State Grid Henan Electric 
Power Company. 

Recycling technology of spent battery: For the spent LFP power battery with a 
soft pack, explore the pretreatment technique and recycle technology for the 
materials of LFP batteries with simple processes, low cost, and low energy 
consumption. Realize the cutting and crushing of batteries by a die-cutting 
method. Following the magnetism of LFP, the positive and negative current 
collectors and diaphragm are to be separated from the broken mixture of 
positive and negative current collectors and diaphragm through magnetic 
separation equipment. Separate the diaphragm and negative current collec- 
tor upon rinsing with water. The positive and negative current collectors are 
to be put in separating devices for the purposes of, respectively, separating 
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the positive electrode and negative electrode materials from current collec- 
tors through water and appropriate external force (such as wiping and stir- 
ring) as assistance. Directly recycle the current collector, diaphragm, and 
negative carbon; recycle the positive electrode materials, using physical and 
chemical methods; and obtain the ferric and lithium compounds for 
recycling. 


4.2.2 Chinese Research Progress for Recycling Spent Lithium-lon 
Batteries 


Dai Changsong from Harbin Institute of Technology, Tang Xincun from 
Central South University, Nan Junmin from South China Normal University, Li 
Li from Beijing Institute of Technology, and other specialists and scholars con- 
ducted a series of studies on recycling of lithium-ion batteries. They mainly 
researched the technology and process for the extraction and purification of 
battery materials using a physical method, as well as recycling of metal com- 
pounds in battery materials using a chemical method [29-31]. 

Peking University, Hefei University of Technology, and others studied recy- 
cling for lithium manganese oxide (LMO) batteries. Tsinghua University and 
Guangdong Brunp Recycling Technology Co. studied technologies of clean 
metallurgy of spent battery materials and low-cost preparation of battery 
materials, and achieved demonstration application. Shenzhen Tele Battery 
Recycle Co. performed recycling of battery materials mainly using chemical 
leaching, edulcoration, separation, and purification. Also, Shenzhen BAK 
Battery Co. started construction of a 30,000 m? of project of “spent new-energy 
vehicle dismantling and recycling” at the end of 2015. It is expected to be com- 
pleted and provide annual comprehensive treatment for 30,000 tons of power 
batteries in 2017. 

During the 12th Five-Year Plan, the State Grid Henan Electric Power 
Company systematically studied the technology for reuse of retired power bat- 
teries, based on the Laboratory for Waste Resource Treatment Technology of 
Power Grid of the State Grid Corporation of China (SGCC); and it further 
studied retired battery fading mechanisms, assessment techniques for SOH, 
sorting and repack technologies for reuse, battery equalization technology, 
system integration, and demonstration applications following its research 
results up to an international, leading level. 

The State Grid Henan Electric Power Company put forward the technology 
route of comprehensive resource recycling in recycling of lithium-ion batteries 
(see Figure 4.2). In addition, it studied and explored recycling technologies for 
lithium-ion batteries. It studied the cutting and crushing methods of lithium- 
ion batteries with soft pack, and separation methods for the positive and nega- 
tive current collectors and diaphragm of LFP battery. It developed a desoldering 
device for retired battery modules based on a heating conduction method, and 
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Figure 4.2 Technology route for recycling of spent batteries put forward by State Grid 
Henan Electric Power. 


battery-crushing equipment and a magnetic separating device for LFP positive 
electrode materials based on machinery die cutting. It studied the separation 
and recycling methods for LFP positive electrode and negative electrode mate- 
rials, and developed a preparation method for a CO, gas trapping agent based 
on positive electrode materials of lithium-ion batteries. It has been authorized 
three patents for invention, from six patents applied for, and one utility model 
patent; has published one monograph; and has issued one Science Citation 
Index (SCI) paper and two Engineering Index (EI) papers. 

To sum up, lithium-ion battery recycling in China is at present more focused 
on small-scale lithium-ion batteries, emphasizing recycling of cobalt, nickel, 
and other precious metal components; few reports study of harmless technol- 
ogy and secondary pollution prevention for other components. For energy 
storage and power batteries, some research institutes have initially explored 
conducting laboratory studies relying on small-battery experience and tech- 
nology. The State Grid Henan Electric Power Company has put forward the 
idea of developing comprehensive resource utilization for reuse and recycling 
of power batteries, including their harmless disposal. This project mainly stud- 
ies the disposal mode of energy storage and lithium-ion power batteries, full- 
component and low-energy-consumption green recycling technology, as well 
as scale recovery process platforms applying for batteries with different types, 
specifications, and so on. 
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4.2.3 Global Research Progress for Recycling Spent Lithium-lon 
Batteries 


Outside of China, recycling of lithium-ion batteries mainly focuses on the scale 
verification of process, marketization promotion of technology, as well as com- 
prehensive technical routes to be performed [25-27]. The process techniques 
used are summarized as the following categories based on their highlights and 
characteristics. 


4.2.3.1 Pyrogenic Process 

America Inmetco performs pyrometallurgy for spent lithium-ion batteries 
using an electric-arc furnace, and it obtains a ferrous alloy containing cobalt, 
nickel, and iron upon recycling. It discards other metals (such as lithium) in the 
form of slag, burns the organic materials, and uses the carbon negative elec- 
trode materials as deoxidizers. 


4.2.3.2 Comprehensive Recovery Process 

Umicore in Belgium recycles lithium-ion batteries by a tailor-made smelter to 
refine Co(OH), and CoCl,; regards graphite and organic solvent as fuel to 
release energy; recycles Cu, Zn, Mn, and Fe using a wet process; and prepares 
LiCoOs, as an electrode material, to be sold. It discards aluminum and lithium, 
burns organic materials, and uses carbon as a deoxidizer. 

The United Kingdom’s Ricardo-AEA has a technology route for recycling of 
lithium-ion batteries: upon crushing in low temperature, they add acetonitrile 
as an organic solvent for extraction of electrolyte upon the separation of steel; 
extract the adhesive (polyvinylidene difluoride, or PVDF) by use of N- methyl- 
pyrrolidone (NMP) as a solvent; sort solids to get Cu, Al, and plastic; and per- 
form an electrodeposition in LiOH solution to recycle Co in solution to get the 
production CoO. 

Germany’s Federal Ministry of Education and Research (BMBF) subsidizes 
and is jointly developing a set of recycling process for batteries integrating 
pretreatment, a wet process, and a pyrogenic process with the companies 
ACCUREC Recycling and UVR-FIA. 


4.2.3.3 Low-Temperature Process 
Japan’s Mitsubishi dismantles spent batteries upon refrigeration, using liquid 
nitrogen to sort plastic; gets steel upon crushing, magnetic separation, and 
washing; vibrates for separation to get copper foil upon washing with a sepa- 
rating screen; burns the rest of the particles to get LiCoO2; and absorbs the 
effluent gas with Ca(OH), to get CaF, and Ca3(PO,)2. 

The American company Toxco crushes batteries at -198 °C, then adds solid 
NaOH, and then adds CO,” after metal Li turns into LiOH, to react LiOH to 
generate LiyCO3. Upon ball milling, it washes the powder on the top palette 
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and separates LiCoO, and Li,CO3 and other electrode materials from plastic. 
In addition, Toxco is available to dispose lithium-ion batteries with different 
models and chemical properties, and it recycles and reuses the raw materials at 
rates of 60% and 10%, respectively. 


4.2.3.4 Battery Repair Process 

OnTo in the United States restores the capacity of lithium-ion batteries using a 
CO) supercritical fluid (SF) to put the battery in a dry condition and adjust for 
a suitable pressure and temperature, and it changes the temperature and pres- 
sure upon the removal of electrolyte in batteries to be dissolved using liquid 
CO, to a recycled container in order to gasify CO, and separate the electrolyte 
out. It seals with epoxy resin upon injection of new electrolyte, when the elec- 
trolyte is carried by cycled supercritical CO,, in order to restore the charge- 
discharge ability of the battery. 


4.2.3.5 New Technology and New Process 

The US Argonne National Laboratory (ANL) and China’s Beijing Institute of 
Technology have mainly studied leaching, recycling, and other technologies 
of positive electrode materials using malic acid, citric acid, and other organic 
acids [28]. 


4.3 Pretreatment for Recycling Power Batteries 


4.3.1 Storage of Waste Power Batteries 


Since there are some electric power and some organic substances in waste 
power batteries, fires and combustion are extremely possible, which are great 
safety hazards. Therefore, for the large number of waste power batteries, safe 
and reasonable collection and storage methods must be studied to avoid rough 
stacking of a large number of waste batteries. 

Select high-safety-factor and high-space-utility-rate battery placing methods 
and storage rack design according to the external dimensions of power batter- 
ies, and the internal structure and volume of the storage area. Perform the 
allocation and material selection according to an analysis of battery chemical 
characteristics and failure cause, including battery fault; electrolytic solution 
composition change; and walls, floors, doors, windows, ventilation, tempera- 
ture, humidity, and other internal conditions of the storage area. Select a rea- 
sonable anticorrosion and anti-explosion design scheme. Make reasonable 
settings according to the geographical distribution, environment, climate, and 
other external factors of the storage area and the internal humidity and ventila- 
tion of the storage space, and make a scheme of energy savings and optimiza- 
tion. Consider the secondary pollution that might be caused by waster batteries, 
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including leakage of electrolytic solution, short-circuit-caused discharge, fire, 
or even explosion. Make a scheme and design for an emergency treatment sys- 
tem of the Three Wastes (i.e, waste water, waste residue, and waste gas), 
including a ground isolating layer resistant to acid and alkali, toxic gas negative 
pressure exhaust, and fire and explosion protection. 


4.3.2 Pretreatment Study for Discharge of Power Batteries 


There is some residual electric power in waster lithium ion batteries, which 
needs to be released safely prior to recycling. Currently, on the lab scale, a 
general approach for waste lithium-ion battery recycling is to place the batter- 
ies into conducting solution for full discharge after separating the plastic shells; 
or to connect the two electrodes with a resistance by a wire to form a short. 
circuit for discharge. For a small recycling quantity, large-scale professional 
charge—discharge equipment may be used to discharge the electric in each 
battery one by one. 


4.3.2.1 Discharge in Conducting Solution 

Conduct a saturated saltwater discharge test on the waste soft-packed phos- 
phoric acid iron batteries, and test the resistance of the saltwater at 15 cm, 
which is about 50 kQ. Put the full-charge normal batteries (voltage 3.34 V) and 
full-charge soft batteries (voltage 3.29 V) into the saltwater for complete 
immersion. Intensive bubbles are generated at the positive and negative elec- 
trode tabs (see Figure 4.3a); 12 minutes later, the aluminum tabs are seriously 
eroded, there is a serious eroded hole on the aluminum tab of a battery (see 
Figure 4.3b), and the positive electrode tab on another battery is completely 
eroded (see Figure 4.3c). After voltage measurement, it is found that most 
power inside the battery has not been discharged since the positive electrode 
tab has been lost. A possible reason generated from analysis is that the battery 


Figure 4.3 Phenomenon in which a waste soft-pack phosphoric acid iron battery is 
immersed in saltwater. 
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goes through and electrochemical corrosion reaction while it is under short- 
circuit discharge in the saltwater. The following reactions are all possible: 


Negative electrode: 2H* + 2e” > H, t 
Positive electrode: Al-3e~ > Al**, 2H,O-4e— > Ont +4H*, 2Cl” - 2e7 > Ch. 


In view of the high chemical reactivity of the aluminum electrode tab itself, 
there might be acid—base reactions besides the electrochemical corrosion 
reaction. It is planned to use inert metal for the electrode experiment. 

Prepare saturated NaCl solution in a measuring glass. Connect the positive 
and negative electrode tabs of a full-charge normal battery (voltage 3.35 V) 
with a copper wire, and put the battery in saltwater for short-circuit dis- 
charge, as shown in Figure 4.4a. There are many bubbles at the positive elec- 
trode tab, but not so many at the negative electrode tab. Twenty-five minutes 
later, the copper wire connecting to the positive electrode does not exist 
anymore, and the solution turns brownish red with floccules, as shown in 
Figure 4.4b. Put it aside, and the saltwater turns light blue in 1 day. It is found 
from voltage measurement that most voltage is still in the battery. The dis- 
charge at the positive electrode is mainly by electrochemical reaction that 
erodes the positive and blue copper ion of valence 2. The red floccules may be 
copper of valence 1, which is further oxidized in the air. Therefore, unless 
purely inert electrodes are used, the discharge method in conducting solution 
is not applicable. 


4.3.2.2 Discharge by Electrode Short-Circuit 

Form a short-circuit for the battery directly with a wire of 10 mm”. Sparkles 
crackle on the electrode tab, and the rubber sheet turns hot and soft 
immediately. Black smoke is generated at the connection points. The nickel 
coating at the negative electrode is melted, revealing the cooper sheet inside 


(a) 


Figure 4.4 Phenomenon in which a waste soft-pack phosphoric acid iron battery electrode 
connected with copper wire is immersed in saltwater. 
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Figure 4.5 Discharge test by a short-circuit of battery electrodes. 


(see Figure 4.5). Two minutes later, the voltage drop is small, indicating that it 
will take some time for the full discharge. In practice, it might catch fire before 
full discharge, which will fuse the wire. So, a direct method of short-circuiting 
might be impractical. 


4.3.2.3 Discharge with Large-Scale Professional Equipment 

Conduct the discharge of a 20 Ah waste battery on large-scale professional 
charge—discharge equipment with a current of 1 C (20 Ah) for 1 h. If the dis- 
charge rate needs to be accelerated for high-rate discharge at 3 C, two-thirds of 
the discharge time can be saved. But if the discharge rate is too high, there will 
be too much residual electric power in the battery, causing safety hazards for 
subsequent breakup. Since there are multiple channels on all charge—discharge 
equipment, discharges of multiple batteries can be conducted at the same time, 
saving some time. 

In conclusion, among the various lithium-ion power battery discharge methods 
commonly used at present, only high-rate discharge on large-scale professional 
equipment can realize the real purpose of discharge. However, there are some 
flaws, too; for example, it is time-consuming and effort-consuming for large- 
scale recycling and reuse of large power batteries. Also, it is not applicable 
when the tab disappears or when the internal short-circuit pressure is zero. 


4.3.3 Pretreatment Study for Breakup of Power Batteries 


Before breakup, we choose to conduct edge cutting of batteries for the purpose 
of shell removal. Through studies, four cutting methods are proposed for 
the test: diamond grinding wheel, laser, waterpower, and mechanical cuttings. 
The test results are shown in Table 4.2. Figure 4.6a shows the effect picture of 
mechanical cutting, and Figure 4.6b shows the comparison diagram of water- 
power cutting (upper) and mechanical cutting (lower). 
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Table 4.2 Price difference table for new energy vehicles and traditional vehicles of the 
same type. 


Type Effect Phenomenon 

Diamond grinding Friction Overheating- All diamond cutters do mobile 

wheel cutting caused fire cutting instead of stamping cutting. 

Laser cutting Failure of cutting Laser scatters and local parts fuse 
after cutting a few layers. 

Waterpower cutting Deformation of battery; Small water pressure and high 

failure of cutting flexibility of battery lead to buckling 

and local damage, but no breakage. 

Mechanical cutting No problem of cutting There are sparkles but no burning. 

(a) (b) 


Figure 4.6 Effect pictures of cutting: (a) mechanical cutting; and (b) comparison diagram of 
(upper) waterpower cutting and (lower) mechanical cutting. 


Among them, neither of the first two methods can cut the battery success- 
fully. There was no sparkle or burning throughout the process of waterpower 
cutting for full-charge batteries, but the cutting speed is too low. Even if a 
grinding wheel is added, it still takes 2 minutes for one cut. It might take more 
than 1 minute after the adjustment of grinding material type in the later period. 
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The grinding material addition generates too much dirt in between the 
electrode pieces, which needs to be washed with a large amount of water. It 
affects the recycling, too. The water consumption is large, and an operation 
slot needs to be set. The cutting section deformation causes worse damage to 
the electrode piece. Impacted by the water flow, the small pieces cut will 
impact the subsequent cutting with the water moving around. But the 
mechanical-cutting section is smooth. Multilayer cutting is available based on 
the type of knife, and the cutting speed is slightly higher for each cut. For cut- 
ting of batteries with some electric charge, the knife inversion will cause spar- 
kles but no burning, and there is no fire from crushed electrode pieces after 
cutting. The test verifies that the mechanical cutting method has a good effect, 
but for the prevention of sparkles during cutting, inert gases are used for pro- 
tection during cutting. 

After discharge, edge cutting, and shell removal for the battery, and after 
breakup into pieces, separate the positive electrode piece and the negative 
electrode piece (membrane) by a ferromagnetic separation method. 


4.4 Resource Utilization and Harmless Treatment 
of Power Batteries 


4.4.1 Study on the Method of Peeling Positive Electrode Active 
Substances 


4.4.1.1 Study on the Wet Peeling of Active Substances 

The first step of positive electrode material separation and purification is to 
separate the aluminum foil from surface active substances. Methods used in this 
study basically fall into the organic solvent method, alkali dissolution method, 
and acid dissolution method based on the different disposal modes applied. 


4.4.1.1.1_ Organic Solvent Method 

The principle of separating active substances from an aluminum foil current 
collector by an organic solvent method is as follows: dissolve positive electrode 
materials with organic solvents that can effectively dissolve organic binders to 
effectively separate aluminum foil and its surface LFP coating film and remove 
organic impurities. 

Common organic solvents used in pretreatment with the solvent method are 
NMP, N, N-dimethylformamide (DMF), dimethylsulfoxide (DMSO), and ace- 
tone, among others. As acetone and DMSO volatilize easily, this study only 
chose NMP and DMF, which can satisfactorily dissolve organic binders. And 
considering the use of water-soluble binders in the existing lithium-ion batter- 
ies, when choosing solvents we included tests of water and ethanol dissolving 
positive electrode materials. 
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Prepare four shares of 2.5 g positive electrode materials (a 1 cm * 2 cm test 
piece) and place into four separate 100 mL beakers. Respectively add in 30 mL 
NMP, DMF, water, and ethanol to immerse for 8 hours at room temperature. The 
black active coating peeled off slightly in the test piece with NMP and DMF sol- 
vents, the test piece added with water showed a small amount of milky turbidity, 
and there was no obvious change in the test piece with ethanol. Ultrasonically, 
treat the four test pieces for 1 hour at room temperature to find micropores on 
the surfaces of NMP and DMF test pieces. Black active coating could be peeled 
off with glass rods, and the solution became black and turbid. The black surface 
active coating of the water-added test piece peeled off with glass rods, and the 
aluminum foil current collector became brittle and broke easily. White turbidity 
gathered in the water solution with small pieces of aluminum foil seen in the 
bottom. For the test piece added with ethanol, its black surface active coating did 
not go off easily with glass rods, and there was a slight white turbidity observed. 
Ultrasonically treat for 50 minutes at 50 °C, and the reactions in Figure 4.7 were 
observed. The black surface coating of NMP and DMF test pieces was basically 
peeled off. The two test pieces became loose and porous, and the solution was 
black and turbid. In contrast, no significant change was observed in water-added 
and ethanol-added solutions. Heat and stir the NMP and DMP test pieces at 100 °C, 
and the basically same responses were observed as in ultrasonic treatment. 

Ethanol dissolved the organic binder on positive electrode materials poorly, 
so the choice of ethanol as the solvent could be excluded. Instead of dissolving 
the organic binder, the principle of water as solvent is that water interacts with 
the aluminum foil current collector, resulting in the aluminum foil’s separation 
from the surface active layer. But since water was not highly reactive with alu- 
minum foil, there was partial dissolution of aluminum foil in the test, so the 
choice of water as the solvent was ignored. 

Judging from the tests discussed here, organic solvents did not stand out in the 
peeling effect of active substances. This may be because current battery-process- 
ing technology adds some active substances that have affected the peeling effect. 
We performed an inductively coupled plasma (ICP) analysis on the separated 
active substances, and the results showed phosphate radical (51.39%) +iron 


Figure 4.7 Surface conditions of a solvent test piece after 30 minutes of ultrasonic 
treatment at 50 °C. 
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(28.63%) + aluminum (2.82%) + lithium (0.19%) = 83.03. From a reference to the 
proportion of elements (iron:lithium = 1:1), the content of lithium was signifi- 
cantly lower than the normal value. So, organic solvents cannot fully separate 
active substances and are of great influence in later lithium product extraction. 


4.4.1.1.2 Alkali Dissolution Method 

The principle of separating active substances from aluminum foil by alkali disso- 
lution method is as follows: the aluminum foil current collector is an amphoteric 
metal and can be dissolved in sodium hydroxide to form sodium aluminate. The 
active layer did not dissolve in alkali, which led to the separation of aluminum foil 
from the active substance coating. After pH adjustment of the filtrate with sulfu- 
ric acid, chemically pure aluminum hydroxide products can be obtained. 

Add 2.5 cathode materials (a 1 cm * 2 cm test piece) into a beaker containing 
10% NaOH for reaction at room temperature. Wait until the aluminum foil is 
completely dissolved, heat the reaction solution to 90 °C for about 100 minutes, 
filter immediately, and wash the residue repeatedly with boiling water. Adjust 
the pH of filtrate with concentrated sulfuric acid to 7, heat at 100 °C for about 
2 hours, filter immediately, and wash the filter cake with boiling water to get 
white solid, which is dried to weigh 1.2 g. Separately perform an ICP test on the 
white solid and the filtrate; the results are shown in Table 4.3. In the process of 
leaching and extracting aluminum via alkali dissolution, the mass ratio of 
aluminum:sodium:phosphorus in the white solid is 0.84:0.22:0.45. There is also 
a small amount of iron and sulfate radical. A very small amount of aluminum, 
phosphate radical, and lithium ion is left in the filtrate. 

It can be seen from Table 4.3 that the white solid actually obtained is not 
Al(OH) 3, The product is very likely to contain many components, such as alu- 
minum phosphate, Al(OH)3, sodium sulfate, and so on. So the separation of 
aluminum foil from the LFP active substance is not feasible. 


4.4.1.1.3 Acid Dissolution Method 

The principle of separating active substances from aluminum foil by acid dis- 
solution method is as follows: dissolve both the aluminum foil and active sub- 
stances in the acid solution, and precipitate to get Fe(OH)3, AI(OH)3, and 
Li,CO3 via adjusting the solution’s pH value, thereby separating the positive 
electrode materials. 


Table 4.3 Components of white solid and filtrate obtained via alkali leaching. 


Aluminum Iron Phosphorus Sulfur Lithium Sodium 
White solid (%) 22.75794 0.094742 14.02778 0.108879 Not 5.118049 
detected 
Filtrate (mg) 0.356118 Not 31.62606 - 22.5456 — 


detected 
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This extraction method relies on the extraction of lithium cobaltate positive 
electrode materials. Since in lithium cobaltate positive electrode materials, Co 
will precipitate only at relatively high pH values, Al(OH), can be fully precipi- 
tated when the solution’s pH value is adjusted to be around 5—6; next, precipi- 
tate cobalt with ammonium oxalate. However, the massive PO,” contained in 
phosphoric acid iron positive electrode materials comprises buffer ions that 
can exist in both acidic and alkaline conditions. And for this reason, we con- 
clude that the acid dissolution method is not applicable to purification and 
separation of this kind of batteries. 

The test verification is as follows: immerse 2.5 g positive electrode materials 
(1 cm * 2 cm test piece) into 30 mL 10% sulfuric acid solution, heat to 80 °C, 
and stir for 2 hours. Filter and wash the residue with boiling water. The residue 
is like black patent leather, and the filtrate is slightly yellow. As the pH value of 
Fe(OH); precipitate is within 2—4, so the pH value of 30% NaO regulating 
solution is 3. First filter the solution, wash with boiling water, and dry to get 
the khaki solid, the component analysis results of which is shown in Table 4.4. 
The khaki solid is generated by pH adjustment; the mass ratio of aluminum, 
iron, phosphorus, and sulfur is 0.06:0.25:0.32:0.32; and no pure Fe(OH); prod- 
uct is obtained. 

Since the pH range of Al (OH); precipitation is 6-10, adjust the pH value of 
the above solution (with previous pH adjusted to 3) to 5, then adjust to 6 to find 
pale green flocculent precipitation formed in the solution. Filter, wash the resi- 
due with boiling water, and dry to get 2.6 g khaki solid. See ICP component 
analysis results of the khaki solid in Table 4.5; the mass ratio of aluminum, iron, 
phosphorus, and sulfur is 0.05:0.15:0.16:0.50, so the main components may be 
ferric hydroxide, iron phosphate, sodium sulfate solid, and so on rather than 
Al(OH)3. In conclusion, it is not feasible to separate aluminum foil and phos- 
phoric acid iron active substances by the acid dissolution method. 

It is known from the testing discussed here that the current wet separation 
approach cannot meet the peeling needs of lithium cobalt acid positive 


Table 4.4 ICP component analysis of khaki solid. 


Aluminum (%) Iron (%) Phosphorus (%) Sulfur (%) Lithium (%) 


1.662871 14.06931 9.799505 10.2401 Not detected 


Table 4.5 ICP component analysis of khaki solid during the purification process. 


Aluminum (%) Iron (%) Phosphorus (%) Sulfur (%) Lithium (%) 


1.448471 8.2643 4.967949 15.86292 Not detected 
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electrode materials. In current research, there are reports of separating the 
aluminum foil and the active layer by heating at a high temperature, but con- 
sidering the low energy consumption and eco-friendly benefits of wet separa- 
tion, we choose to make improvement research to the existing wet separation 
technology. 


4.4.1.2 Peeling of Active Substances through the Acid- 
Leaching Method 
During acid dissolution testing, we found that if we left the acid solution and 
the positive electrode to react for 10 minutes at room temperature, the alu- 
minum foil and black active substances fully exfoliated and could be taken out 
directly. The surface was full of small holes formed during reaction, with sulfu- 
ric acid and a white oxide film formed when placed in the air. The etching time 
was shortened when diluting the acid solution, and it was possible to rely on 
the reaction between aluminum foil and weak acid to form surface micropores, 
so to achieve the active layer peeling without any additional processed alu- 
minum foil required. Besides, the active layer received acid dissolution directly 
with no further dissolution steps, which was more simple and convenient. 
The test steps were as follows: immerse a whole piece of positive electrode 
material in the dilute acid solution, soak for a few minutes at room tempera- 
ture, and the black active substances can be directly removed. Repeatedly 
wash with clean water to obtain the aluminum foil, and dry in the air. The 
recycling rate of aluminum foil was calculated to reach 96%. As shown in 
Figure 4.8, the aluminum foil recycled was smooth in surface with no oxida- 
tion or corrosive holes. 


Figure 4.8 Recycling of positive electrode materials for aluminum foil current collectors. 
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4.4.2 Reclamation of the Positive Electrode’s Effective Components 


It can be seen from the above pretreatment tests that the method of preparing 
metal hydroxide by pH adjustment as used in lithium cobaltate batteries is not 
feasible in the recycling of phosphoric acid iron battery’s positive electrode 
materials. Consider that during battery use, the lithium ions of positive elec- 
trode materials will experience a two-way transfer between the positive and 
negative electrodes along with the charge—discharge cycle. A certain loss will 
happen after a period of time, but the Fe and PO,” content will remain a 1:1 
ratio on the positive electrode. Therefore, it may be feasible to first dissolve the 
active substances in the acid solution, adjust pH directly to obtain FePO,, then 
adjust pH again for active substance recycling, and finally precipitate the lith- 
ium carbonate, as shown in Figure 4.9. 

First, test and analyze the contents of positive electrode materials’ different 
ions with the following preliminary test: break into 0.2 cm * 0.2 cm positive 
pieces, mix evenly, and take samples. Boil and dissolve respectively with HCl 
and HCl + H20,, and conduct the ICP tests. The test results shown in Table 4.6 


Positive electrode 
materials 


Acid leaching 


Acid solution 
Filtration 
Black substance 


Aluminium foil 


pH adjustment 


pH adjustment, purification 


Sodium carbonate 
solution 
Lithium carbonate 
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Figure 4.9 Separation and recycling process flow chart of waste lithium-ion batteries’ 
positive electrode materials. 
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Table 4.6 ICP analysis results of positive electrode materials. 


Element (%) Iron Aluminum Copper Phosphorus Manganese Nickel Sodium Lithium 


HCl 27.35 15.99 0.36 15.67 0.06 0.07 0.09 3.42 
HC1+H,O, 27.92 15.52 0.37 15.91 0.06 0.07 0.10 3.39 


indicate that the mass ratio of Li, Fe, and P is 0.489:0.488:0.505. Calculating 
with 48.02% of PO,> content, (Li+ Fe + Al+ PO,) % =95.24%, and the rest are 
acetylene black and binders. In addition, during extraction of lithium cobaltate 
batteries’ positive electrode via acid leaching, the addition of HO, would 
result in a significantly improved cobalt extraction rate; whereas, in the tests of 
phosphoric acid iron batteries’ positive electrode materials, the addition of 
H,O, had no marked influence on the extraction of metal ions. This was 
because the cobalt in lithium cobaltate batteries’ positive electrode was oxi- 
dized to high-valence cobalt by HO, and that was more soluble in acid solu- 
tion, thereby improving the cobalt extraction rate. And all metal elements in 
phosphoric acid iron batteries’ positive electrode materials are soluble in acid 
solution, so a satisfactory extraction is possible even with no direct acid leach- 
ing with H,O,. 

Immerse 100 g positive electrode materials in dilute acid, take out the alu- 
minum foil, add in 500 mL 15% sulfuric acid, heat to 100 °C, and continue 
heating for 1 hour. The solution turned into a black paste. Cool the solution to 
room temperature and perform suction filtration (harder than suction filtra- 
tion), and the filtrate was dark brown. Heat the filtrate to 100 °C, continue 
heating for about 20 min, keep stirring while heating, and slowly add in NaOH 
solution. At pH 0.5, lots of white flocculent precipitate began to form in the 
solution, and the reaction stopped at pH 2.5. Then filter, repeatedly wash with 
hot desalted water, and dry to get the white solid, as shown in Figure 4.10. Heat 
to 100 °C and continue heating for 1 hour, add in NaOH solid, adjust the pH 
value to 12.45, and filter to get some white solid. Immerse 10 g NaCO; in 
about 100 mL desalted water to prepare a 10% clear solution. Combine with 
the clear solution obtained via the above filtration, and stir for about 10 seconds 
to see the white turbidity. Stir for about 5 minutes, filter, and wash with hot 
water, and a white solid product Li,CO3 is formed. See the ICP analysis results in 
Table 4.7. At pH 2.5, Fe:PO,=0.49:0.55, and the content of lithium carbonate was 
measured to be 89.9% according to Chinese national standard GB11064.1-1989 
[32]. It can be concluded from the above that further purification is required for 
the products obtained, but this recycling method is basically feasible. 

To sum up, this recycling method can basically help to produce the FePO, and 
Li,CO3 products required. The solid substances obtained from the purification 
steps are still basically those containing Fe and P element. They could first be 
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Figure 4.10 (a) Solid substance; and (b) LizCO3 products generated at a pH of 2.5. 


Table 4.7 Component analysis of precipitates. 


Number Aluminum lron Phosphorus Lithium Chlorine Sodium 
1 0.22 27.43 17.03 0 - E 
2 0.06 0.06 0.02 16.8 - 0.02 


collected and used to produce FePO,, thus realizing full recycling and use of Fe 
and P element. Black conductive agents formed from positive electrode recycling 
and the active substance from negative electrode recycling should be combined 
for centralized treatment. 


4.4.3 Negative Electrode Recycling Methods 


4.4.3.1 Recycling Method for a Normal Battery’s Negative Electrodes 

Split out the negative plate after the normal battery is fully discharged. As the 
conductive materials of negative plates mainly bind under impressed pressure 
when combined with the copper coil current collector, so direct washing 
with water may be considered for negative electrode treatment. Negative plates 
can be washed in entire plates or washed after being broken into fragments. 
As shown in Figure 4.11, the left is the status of an entire negative piece after 
10 min of washing with water. The surface black substances have been com- 
pletely removed, exposing the metallic foil. Cut the plate into 16 equal-sized 
fragments, put directly into water, and stir to wash for 6 min until the black 
substance is basically cleaned up. So even if the normal battery is fully 
discharged, the black substance of the negative electrode can still be completely 
removed by water. 
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(b) 


Figure 4.12 (Left) Smoke and (right) sparkles produced when a faulty battery's negative 
plate encounters water. 


4.4.3.2 Recycling Method for Negative Electrodes of Bulging 

and Soft-Pack Batteries 

After a normal battery has been used for some time, the negative electrode will 
be left with some lithium ions and brown stripes will appear on the black nega- 
tive electrode surface. In case of discharge failure due to such problems as 
bulging, soft-pack batteries, or the like, the lithium ions on the negative elec- 
trode will produce smoke and sparkles in the presence of water, as shown in 
Figure 4.12. Therefore, in the recycling of such negative electrode materials, 
1 hour exposure in the air is required for oxidation of the lithium ions before 
being immersed in water for cleaning to get pure aluminum foil. 

In summary, the battery shell can be removed, and the positive and negative 
electrodes (membrane) can be separated bya pretreatment process. Reclamation 
of the positive electrode’s aluminum foil current collector and active substances 
can be realized by such steps as acid leaching and the like. The negative elec- 
trode and the membrane can be separated by hydraulic action, the negative 
electrode copper foil current collector is obtained via separation by cleanup 
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action, and the positive and negative electrode conductive agents are combined 
and recycled for treatment. And, finally, the reclamation of all useful materials 
of the iron phosphate lithium power battery is realized. 


4.5 “Three Wastes” Treatment and Wastewater 
“Zero Discharging” 


4.5.1 Research Status for Recycling and Processing the “Three Wastes” 


The composition of lithium-ion batteries is quite complicated, and a certain 
amount of wastewater, waste gas, and waste residue may be generated during 
the process of recycling. For instance, the electrolytic solution LiPF, is very 
unstable, and it will start to decompose into PF; when the temperature reaches 
60 °C. LiPF6 is easy to hydrolyze to HF when coming across water. PF; and HF 
are both highly toxic gases. Electrolyte and polymer membrane will be on fire 
when the temperature is around 300 °C. PVDF does not react with water. Its 
pyrolysis temperature is 380 ~ 400 °C, while at the same time generating a great 
amount of HF. Therefore, electric discharge, short circuit, and the decomposition 
of various substances may occur during the process of breakup or heating, or it 
may react with the air and water and generate a great amount of toxic gases, 
which may even lead to explosion. As a result, waste batteries should be dis- 
charged to reduce the risk, and air and water should be avoided during the 
process of dissociation and breakup; meanwhile, explosion-proof and toxic-gas- 
proof measures should also be taken. 

Some research reports address the recycling and processing of electrolytic 
solution and organic solvent. For example, in the wet processing of alkali leach- 
ing—acid dissolution, the first step is alkali leaching, which can absorb the HF 
hydrolyzed by LiPF,. During pyrogenic attack, adding alkaline substances such 
as CaCO3, NaoCO3, and NaOH to the roasting furnace as absorbent will reduce 
the release of toxic gases. Tokyo Metropolitan University professor Kiyoshi 
Kanamura and colleagues add limestone to the reducing furnace in which the 
temperature is around 1000 °C, in order to absorb fluorine and phosphorus to 
form the sediment. The solid sediment can be buried directly as general solid 
waste while the organic waste gas generated during the burning of organic sub- 
stances can be absorbed by activated carbon. Xiaosan et al. leach the electro- 
lytic solution by proper solvent (such as dichloromethane), and distill the 
solution to get solvent and electrolytic solution when the temperature is lower 
than the decomposition temperature of electrolytic solution (80 °C). The sol- 
vent is recyclable. After the electrolytic solution passes the fixed bed adsorp- 
tion column, which is filled with alkaline anion resin to remove the acidic 
impurities formed by trace hydrolysis, regulate its concentration to make it 
electroconductive, so as to fulfill the requirements of production of lithium-ion 
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batteries in industry. Use the solvent to dissolve the binder. As the solute’s solu- 
bility is different in different solvents, the dissolving capacity can be changed 
by changing the solvent properties to separate the solute out. Add a certain 
kind of low-boiling-point organic solvent, which is soluble for bleaching lotion 
but not soluble for binder (or of low solubility), into the filtrate, which contains 
binder to change the binder’s dissolving property in the solvent and to separate 
the binder out. Then two solvents can be retrieved through distilling the mixed 
solution. The two solvents achieved can be recycled, and the binder can also be 
reused. According to the reported references, the binder can be separated out 
in sol from the NMP solution through adding an equal volume of anhydrous 
ethyl alcohol to the bleaching filtrate. 

In Zhou Weibo’s report, he suggests using a water—gas heat exchanger to 
cool the high-temperature air that contains NMP, then recycling the NMP in 
liquid after it is separated from the air. The air that is NMP free can be 
reused after it goes through a gas—gas heat exchanger to exchange the heat 
energy. In this way, the NMP permeation problem is solved while at the same 
time energy can be saved. Zhao Hong and other experts, however, choose to 
use low-boiling-point coagulant that is soluble with NMP, to recycle the 
NMP. The technical process includes making the high-temperature indus- 
trial exhaust gas go through the pretreatment device under normal pressure 
at first to make the NMP content arrive at a certain scale in the air; then 
spray the coagulant, which is in a spray pattern, to cool the exhaust gas; and 
then make the mutual soluble NMP and the coagulant condense together 
through the condenser. The recovered solution can be reused after being 
processed by a vacuum rectification purification tower, and the coagulant is 
also recyclable. 


4.5.2 “Three Wastes” Treatment for Recycling LFP Power Batteries 


Some gases are produced during the recycling process of iron phosphate 
lithium power batteries, and also some solid and liquid wastes are produced. In 
order to avoid secondary pollution, a Three Wastes monitoring and processing 
system must be set up strictly to realize the recycling of waste lithium-ion 
batteries. 


Waste gases treatment: We can learn from the recycling steps of the iron phos- 
phate lithium power battery that the electrolytic solution will volatilize dur- 
ing cutting, breaking up, and solution immersing into positive or negative 
electrodes. So the cutting and breaking-up process chamber (to avoid the 
potential risks of cutting broken batteries, and make it convenient for col- 
lecting the exhaust gas produced) and the airtight transmitting procedure 
should be set up separately. The exhausting system should be installed on 
the top of each process to collect and recycle the volatilized electrolytic 
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solution (alkaline solution absorption treatment or organic solvent absorp- 
tion and purification). After the positive active materials are peeled off, the 
acid solution can absorb the HF hydrolyzed by LiPF, through heating and 
soaking. In addition, as the Li-ion solution is alkaline when the negative 
electrode is processed by water solution, it can also absorb the electrolytic 
solution LiPF,. 

Waste water “zero discharge”: During the purification process, the positive 
electrode produces alkaline aqueous solution, which can be used for dissolv- 
ing and absorbing electrolyte in waste gas treatment, and it can also be used 
for the soaking and washing of the negative electrode. Alkaline solution 
doesn’t affect the copper foil current collector at the negative electrode, and 
the lithium contained in the negative electrode also shows alkaline when it 
dissolves in the solution. When the Li-ion content in the cleaning solution at 
the negative electrode reaches a certain concentration, mix the cleaning 
solution with the solution of the positive electrode, and the Li,CO3 precipi- 
tation reaction starts. As a result, the “zero discharge” of waste water can be 
realized through the whole recycling process. 

Waste solid residue “zero discharge”: During the recycling of the phosphoric 
acid iron battery, the shell, membrane, positive electrode aluminum foil 
current collector, FePO, and Li,CO3, negative electrode copper foil, and 
conductive agents at both electrodes are all recycled for reuse; this realizes 
the waste solids as “zero discharge” 


4.6 Prevention of Secondary Pollution during 
the Battery-Recycling Process 


Before recycling, some waste lithium-ion batteries may have been damaged or 
decayed due to external reasons. Such pollutants as waste gas, waste liquid, 
and waste residues will be produced during the entire process of waste battery 
recycling, and if mishandled, these pollutants will cause serious environment 
pollution. So during waste battery recycling, it is highly necessary to have sec- 
ondary pollution prevention and control equipment in place, and to formulate 
a complete set of secondary pollution prevention and control measures. 
Wet-processing metallurgy produces less waste gas and residue than pyro- 
metallurgy, and its components are simpler. Considering the possible second- 
ary pollution related to waste batteries, including power discharge, fire, and 
even explosion caused by electrolyte leakage and short-circuiting, try your best 
to keep the batteries dry and avoid high ambient temperatures during waste 
battery storage, cutting, and breakup. Storage racks, equipment, and so on 
must be made of acid-resistant, alkali-resistant, anticorrosive materials. Floors 
and walls must resist corrosion, fire, and explosion, while the collection, 
storage, and production sites must have appropriate firefighting facilities. 
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Toxic gases must be collected, absorbed, and disposed together by the negative 
pressure exhaust system. Monitor the exhaust gases in real time, and discharge 
after the relevant standards are met. 

Strictly control the acid used in the production, develop appropriate using 
standards, and pay attention to storage area ventilation. The acid used must be 
stored separately from waste battery materials. The storage area must have 
access to water and firefighting equipment, and should be installed with safety 
shower and eye wash equipment. Working staff should wear protection suits, 
gas masks, protective goggles, and so on. Also, precautions for concentrated 
acid use precautions, treatment for acid spill emergencies, first-aid measures 
for poisoning, and so on should be formulated. 

During wet recycling of positive and negative electrode materials, acid and 
alkali corrosion-resistant equipment must be used, appropriate leakage pre- 
vention emergency measures must be made, and the field operators must wear 
appropriate protective gear. Formulate waste water recycling regulations, 
monitor waste water ion concentration, and purify waste water with too high 
ion concentrations with a hyperfiltration method for future use, so as to realize 
zero discharge of waste water. Carry out centralized storage of solid products 
by category, prohibit random stacking, and pack and ship the products in a 
timely manner, leaving no waste behind. 


4.7 Mechanical Processing Equipment for Recycling 
Spent Lithium-lon Batteries 


4.7.1 Pretreatment Equipment 


4.7.1.1 Battery Discharge Equipment 

The current market is full of monomer lithium-ion power battery high-rate 
charge—discharge test cabinets, from both home and abroad. As work effi- 
ciency is a key factor during bulk waste battery recycling, multichannel high- 
rate charge—discharge test cabinets may be chosen while at the time discharging 
multiple batteries to shorten working hours and save energy. The quantity of 
channel or equipment to be used may be decided based on the recycling scale. 
See Figure 4.13. 

The discharge rate is generally set at 1-3 C. A too low discharge rate will lead 
to an unnecessarily long discharge time and low work efficiency, but a too high 
discharge rate will result in incomplete discharge, recycling work with battery 
power left, and safety hazards. Besides being used in discharge for battery recy- 
cling pretreatment, charge—discharge equipment can also be used in perfor- 
mance test, quality selection, and life evaluation of ladder-form batteries. So 
they must meet certain test indicators. Many currently available charge— 
discharge devices can be selected for use. 
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Figure 4.13 Lithium-ion battery charge and discharge equipment. 


4.7.1.2 Battery Mechanical Cutting Equipment 

Research proves that the existing mechanical cutting equipment can basically 
meet the battery-cutting needs. But because battery components such as elec- 
trolytic solution and lithium ions can form acid and alkali compounds, the 
cutting edge must be able to resist some degree of acid and alkali corrosion. 
The equipment size and model should be decided based on the size of soft- 
pack batteries and the quantity of batteries to be cut in each batch. Installation 
of an isolation hood and inert gas protection design can help to better prevent 
spills of toxic gases or battery ignition and other problems. See Figure 4.14. 


4.7.1.3 Magnetic Separation Equipment 

Combine the positive electrode, negative electrode, and membrane materials 
after battery cut, breakup, and separation. And, relying on LFP’s ferromagnetic 
property, separate the positive electrode, negative electrode, and membrane 
with magnetic separation equipment, to lay a basis for subsequent reclamation 
treatment. 
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Figure 4.14 Waste battery cutting equipment. 


One option is to install an electromagnetic chuck on the conveyor; fix the 
electromagnetic chuck, and the conveyor moves during transmission. When 
powered on, the electromagnetic chuck can absorb the positive electrode 
materials, and the conveyor will directly convey the negative electrode and 
membrane to the cleaning equipment; when powered off, the positive elec- 
trode materials will drop off from the chuck, thus realizing the separation of 
positive and negative electrode (membrane) materials. See details in Figure 4.15. 

Professional automatic magnetic separation equipment is the other option. 
Through the strong magnetic force of the magnetic roller, the non-ferromagnetic 
negative electrode will first leave the magnetic roller, followed by the ferromag- 
netic positive electrode. Positive and negative electrode separation is achieved via 
this automatic separation of ferromagnetic and non-ferromagnetic materials. 


4.7.1.4 Transmission Equipment 

Transmission equipment will be used during the entire recycling process from 
the battery storage area to the discharge chamber, from the discharge chamber to 
the cutting and breakup room and the later transmission to wet processing, and 
so on. To minimize toxic gas volatilization and corrosive substance scattering in 
the process of battery transmission, closed-end delivery is adopted during the 
entire process. A ventilation system is installed at top of the conveyor for collec- 
tion and treatment of volatile gases. The transmission equipment must be made 
of acid and alkali corrosion-resistant and fireproof materials. See Figure 4.16. 
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Figure 4.16 Transmission equipment used in lithium-ion battery recycling. 
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4.7.2 Equipment for Positive and Negative Electrode Wet Recycling 


4.7.2.1 Equipment for Positive Electrode Wet Recycling 

During a positive electrode reaction, acid dissolution for active substances is 
required, together with heating and stirring to make sure the acid solution will 
fully extract the active substances. In the process of product preparation, pH 
adjustment and heating for reaction are required, so an acid- and alkali- 
resistant reaction still that can be heated and stirred is essential for the produc- 
tion. Commonly used are stainless-steel and enamel reaction stills, and their 
volume can be decided based on the recycling scale. 

For solid-liquid separation and a satisfactory extraction of generated 
FePO, and LizCOs, cyclone devices and filters must be used. A proper cyclone 
device can be chosen depending on the slurry particle size, while vacuum 
suction and filtration machines, plate-type pressure filter, or the like can be 
chosen as filters. 


4.7.2.2 Equipment for Negative Electrode Wet Recycling 

Negative electrode wet recycling is relatively simple: direct soaking and clean- 
ing with water will be fine, and the time for cleaning is short. So, you may 
choose to directly stir and clean with stirring devices in an acid- and alkali- 
resistant reaction tank. But to achieve a good cleaning effect, it is important to 
choose the right stirrer power and reaction tank volume based on the amount 
of positive electrode to be processed in each batch. Cleaning with professional 
equipment is another option. See Figure 4.17. 


Figure 4.17 Equipment for battery material wet recycling. 
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4.8 Automated Battery-Recycling Line Design 


For an automated battery-recycling line design, the separation and collection 
process design of all components in spent lithium-ion batteries should mainly 
use a physical method; and the separation and collection of the electrode 
materials, current collector metal, plastic diaphragm, and battery shell in 
spent lithium-ion batteries can use mechanical crushing, vacuum separation, 
vibration screening, flotation separation, flow separation, and other simple dry 
processes and means. It should not introduce any chemical reagents during the 
separation and collection, but it should realize automation in the whole 
process, collect and dispose of the electrolyte and dust, and so on with high 
recovery efficiency; green, low-carbon environmental protection and energy 
saving; ease of industrialization; and so on. 

Spent lithium-ion batteries are used in the fields of energy storage, electric 
vehicles, computers, and communication. The lithium-ion battery cathode 
materials include LFP, LMO, lithium ion cobalt (LCO), and ternary material. 
The specifications include prismatic lithium-ion batteries, pouch lithium-ion 
batteries, and cylindrical lithium-ion batteries. So the recycling line is a complex 
system; specifically, it is divided into the following steps (and see Figure 4.18): 


1) Rolling and crushing of spent lithium-ion batteries are to obtain the pri- 
mary debris and materials. 

2) Cut and break the primary debris and materials into the secondary debris 
and materials. 

3) Put the secondary debris and materials in the plastic materials’ separating 
and collecting device to separate plastic materials from electrode materials, 
current collectors, and other materials. 

4) Thoroughly smash the secondary debris materials. 

5) Adopt the electrolyte absorption and collection device to remove electro- 
lyte during the battery rolling and crushing, cutting, and breaking and deep 
smashing stages. 

6) Initially separate and collect the electrode materials. 

7) Secondly separate and collect the electrode materials. 

8) Separate and collect the mixtures of Cu-Al particles of the current collector. 

9) Separate and collect the anode and cathode materials. 


Based on the separation and collection methods for full component materi- 
als of spent lithium-ion batteries, the system includes a variety of equipment: 


An integrated automatic separating and collecting device is used to integrate 
the above separating and collecting devices mainly using an electric con- 
veyor. The electric conveyor is a common device in this field and not to be 
repeated herein. 
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Figure 4.18 Schematic diagram of a separation and collection method for full-component 
materials of a spent lithium-ion battery. 


A crusher for primary debris and materials refers to the knife crusher for pri- 


mary debris and materials. The knife crusher rotates at a speed of 1000—2000 
rpm/min and contacts the primary debris and materials on the feed con- 
veyor with the head of the crusher at high-speed rotation at an angle of 
30-90°, and then scatters and crushes the battery materials. The initial 
crushing, with a rolling force of 2000-5000 N, for the spent lithium-ion bat- 
tery is to be carried out using the meshing rolling method. The particle size 
of said primary debris and materials is 20-50 mm. 


An adsorbing, separating, and collecting device for plastic material consists of 


a ventilating pipeline, vibrating screen, filter, feed pipe, storage silo, and 
vacuum pump. The said plastic materials include the battery diaphragm or 
Al-plastic film of the battery shell and a mixture of the diaphragm and 
Al-plastic film of the battery shell. The acting force of said vacuum-negative 
pressure suction is 500—50 kPa. 


A pulverizer for secondary debris and materials refers to the vibration-hammer 


pulverizer for secondary debris and materials. The vibrating hammer 
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method continuously knocks for 10-40 min on the primary debris and 
materials using a hammer mill at a force of 5000-7000 N for the purpose of 
thoroughly smashing the secondary debris on the feed plate to obtain mixed 
materials with a diameter of 0-2 mm. 


An adsorbing and collecting device for electrolyte consists of an exhaust fan, 


water-cooled condenser, and collecting box for electrolyte. 


A separating and collecting device for electrode materials includes a feed pipe, 


a vacuum pump, an air compressor, and hydro cyclones. The vacuum pump 
works at a pressure range of 500-50 kPa. The hydro cyclones rotate at a 
speed of 1500-3000 rpm. 


A separating device for current collector metal materials consists of a vibrating 


screening plant and high-speed motor. 


A separating and collecting device for positive and negative electrode materials 


consists of a vacuum pump and cyclone. 


Furthermore, a pulse dust collector, electric-bag filter, or the like is used to 


move the dust to be generated during the separation and collection of bat- 
tery electrode materials. The dust removal technology and equipment com- 
prise a common method in this field, and are not to be repeated herein 
[33-37]. 
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Reuse of Power Batteries, and Common Safety 
Problems with Recovery Processes 


5.1 Safety Assessment for Retired Batteries 


Lithium is the lightest metallic element in the periodic table of the elements, 
with an atomic weight of 6.94, an electrode potential of —3.045V (V; H*/H)), 
and a theoretical specific capacity of 3960 mAh/g. Therefore, the earliest 
developed systems were lithium metal one-shot batteries and secondary 
batteries. But since the simple substance of lithium is abnormally active and 
react easily with many inorganic and organic substances, the heterogeneity of 
the lithium surface tends to lead to nonuniform deposition in electrochemical 
cycles, as a result of which safety problems may be triggered by the lithium 
dendrites formed. This, in turn, hinders lithium’s practical application. For 
lithium-ion batteries, since lithium-inserted carbon or other lithium-inserted 
materials take the place of lithium metal, the safety of these systems is greatly 
enhanced, which makes them easier to commercialize rapidly and apply widely. 
Meanwhile, the safety of lithium-ion batteries has become a key factor that 
hinders its upsizing and further development. 

The reason why lithium-ion batteries attract so much attention is because of 
their characteristics: 


1) Their battery energy density is high. In cases of thermal runaway reaction, 
the high heat released is likely to be dangerous. 

2) Since lithium-ion batteries adopt organic electrolytes, the organic solvent is 
carbureted hydrogen (which may be oxidized at around 4.6 V), and the 
solvent is inflammable, in cases of leakage and other situations, the battery 
may catch fire or even explode. 

3) In cases of overcharge of a lithium-ion battery, the material structure of the 
positive electrode may change and entail the materials with strong oxida- 
tion, which causes strong chlorination of the solvent in electrolytic solution. 
Such effect is irreversible, and the heat generated from the reaction may 
cause risk of thermal runaway. 


Reuse and Recycling of Lithium-Ion Power Batteries, First Edition. Guangjin Zhao. 
© 2017 China Electric Power Press. Published 2017 by John Wiley & Sons Singapore Pte. Ltd. 


379 


380 


Reuse and Recycling of Lithium-lon Power Batteries 


The safety of lithium-ion batteries is a matter of great concern, and this is 
also because of its applications. If lithium-ion batteries are used on electrically 
driven vehicles, no matter how high or low the monomer capacity is, it is 
certain that the batteries will adopt combined applications. If accurate and 
balanced control cannot be realized, it is nothing else but abuse of a certain 
monomer. During the use process, overcharge or over-discharge of amonomer 
may happen. Also, lithium metal precipitation may exist at the negative elec- 
trode of a long-term cycled battery, especially if the battery has high monomer 
capacity. Heat-resisting disturbances may trigger a series of exothermic auxil- 
iary reactions and finally lead to thermal runaway and safety problems. 


5.1.1 Exothermic Reaction of Lithium-lon Batteries 
and Its Initiating Mechanism 


In principle, lithium-ion batteries are safe under regular service conditions. 
What people care more about is how to guarantee their safety in conditions 
where they are misused or abused, because long-term cycled potassium-ion 
batteries are bad at heat disturbance resistance and retention resistance. When 
abused, the batteries generate lots of heat due to the physical or chemical 
reactions of the substances formed by the input of specific energy inside the 
batteries. If the heat cannot be discharged timely, it will lead to thermal runa- 
way. Thermal runaway may result in damage to batteries, such as fierce air 
leakage, fracture, and fire, and may also cause safety accidents. 

Regarding lithium-ion battery safety, what needs more attention is that the 
thermal runaway of a single battery may cause the thermal runaway of the 
whole battery module. One hybrid electric vehicle (HEV) battery module con- 
tains at least 10 single batteries, so the thermal runaway energy of a battery 
module is one magnitude higher than that of a single battery. The important 
exothermic reactions that happen inside a lithium-ion battery include: 


1) Decomposition of solid electrolyte interphase (SEI) film: The SEI film with 
protective effects is in a metastable state and would be decomposed at 
90-120 °C to discharge heat. 

2) Reaction between inserted lithium and electrolyte: At temperatures higher 
than 120 °C, the SEI film cannot separate the contact between the negative 
electrode and the electrolyte, so the exothermic reaction happens between 
the lithium inserted in the negative electrode and the electrolyte. 

3) Exothermic reaction between the inserted lithium and the fluoride binder. 

4) Electrolyte decomposition: It starts to decompose and discharge heat at tem- 
peratures above 200 °C. 

5) Decomposition of active material at the positive electrode: In an oxidation 
state, the positive electrode materials will go through exothermic decom- 
position and release oxygen, and the oxygen will go through exothermic 
reaction with the electrolyte, or the positive electrode materials directly 
react with the electrolyte. 


6) 


7) 
8) 
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The lithium metal deposited in case of overcharge reacts with the 
electrolyte. 

The reaction between the lithium metal and the binder. 

Because of enthalpy change, overpotential, and ohmage, the batteries also 
generate heat during the electric discharge process. See details in Table 5.1 
and Figure 5.1. 


Table 5.1 Exothermic reaction of lithium-ion batteries. 


Temperature Reaction heat 
range (°C) Reaction type (J/g) Description 
110-150 LixCe reacts with electrolyte 350 Passivation film 
breakdown 
180-500 Decomposition of Lig 3NiO2 600 Releases O3 
in electrolyte at 200 °C 
220-500 Decomposition of Lip,.4sCoO2 450 Releases Oy 
in electrolyte at 230 °C 
150-300 Decomposition of Lio ;Mn 2O4 450 Releases Oy 
in electrolyte at 300 °C 
130-220 LiPF¢ reacts with solvent 250 Releases less heat 
240-350 Li,C, reacts with polyvinylidene 1500 Reacts vigorously 
fluoride (PVDF) 
Decomposition Decomposition of Decomposition 
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5.1.2 Trigger Factor and Mechanism of Unsafe Act on Retired Batteries 


A battery safety guarantee is established in the material system and manufac- 
turing process, and when selecting the assembly units for design of the battery. 
Whether it is a cylindrical battery or a battery with aluminum plastic packag- 
ing film, as long as the single battery operates under regular service conditions 
such as the specified temperature, electric current, and voltage, along with 
assistance from voltage limiting, current limiting, temperature limiting, and 
other components, it is safe to use. It is hard to avoid an accident if a battery 
cell goes beyond the safety range in case of an emergency, especially under 
abuse conditions. For example, there have been many cell phone battery 
explosions reported in recent years, which is enough to show that changes to 
batteries in the course of recycling have a great effect on their safety. 
The reasons for safety issues include: 


1) Quality of the battery itself. The battery components change during 
the recycling process because of the physical and chemical factors of 
the substances in the battery, and this reduces battery performance. For 
example, debris on the positive and negative electrode pieces during the 
manufacturing process may cause a battery to internally short-circuit if it is 
not completely cleaned; if the thickness of the membrane used is uneven, 
accidents such as a local internal short-circuit at the positive or negative 
electrode may be caused at the thinnest place; 

2) Manufacturing quality of the battery block; 

3) Applications by users: When a user misuses the battery due to storage, 
environmental, or other factors, the batteries may have problems when 
recycled. 


Thermal runaway is the primary cause of unsafe batteries. However, it is 
closely related to other factors, such as heat generation rate, heat generation 
quantity, heat conduction velocity, environmental temperature, and humidity. 
Therefore, battery safety is a problem of probability. See Figure 5.2. 

Relatively speaking, it is easy to avoid short-circuiting caused by technical 
and material factors. But the occurrence of short-circuits and local overcharge 
during the application process cannot be controlled. Therefore, battery safety 
cannot be guaranteed purely by process control. See Figure 5.3. 


5.1.3 Evaluation Standards for Lithium-lon Battery Safety 


Since there are potential safety hazards of lithium-ion batteries in emergency 
conditions or if they are being abused, to protect consumers’ rights and interests, 
relevant organizations worldwide have developed safety guidelines for lithium 
metal batteries. Although lithium-ion batteries are different from lithium metal 
batteries, the safety guidelines for lithium metal batteries apply to lithium-ion 
batteries too. The safety standards developed are targeted at possible emergencies 
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Figure 5.2 Temperature change of short-circuit and overcharge. 


and abuses that have been simulated during the actual use process. They are the 
Underwriters Laboratory (UL) standards and other standards developed based on 
UL standards, for example UL 2054, UL 1642, Japanese Industrial Standards (JIS) 
C 8714, Chinese national standard (GB/T) 18287, and so on [1—4]. There are also 
International Electrotechnical Commission (IEC) Standards, and Standards for 
Space and Aviation Use. Battery manufacturers worldwide have formulated rele- 
vant enterprise standards based on actual situations. Some of them even set rigor- 
ous indicators to guarantee product safety. For example, Chinese military standard 
(GJ/B) 4477 set the regulations for both single batteries and the battery modules, 
and especially increased the shooting test [5]. 

Based on the nature of the initial disturbance, the items included in safety 
testing are classified into four types: 


1) Electrical test: Overcharge, over-discharge, external short-circuit, and 
forced discharge 

2) Mechanical test: Drop, shock, prick, squeeze, vibration, and acceleration 

3) Thermal test: Burning, sand bath, hot plate, thermal shock, oil bath, and 
microwave heating 

4) Environmental test: Decompression, immersion, height, and antibacterial 
properties. 
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Figure 5.3 Reasons for exothermic reaction. 


Reuse of Power Batteries and Problems 


It has been pointed out that battery safety has been about certain initial 
disturbances. Therefore, even for the same battery, the difficulty levels of the 
test items are different. For example, the mechanical test and the environmen- 
tal test are easier to pass, while the electrical and thermal tests are hard to pass 
due to the temperature rise caused. Among the same type of tests, some are 
easy to pass while some are difficult. 

To summarize the studies of short-circuit tests, overcharge tests, and ther- 
mal stability tests, the batteries indicate different laws after thermal distur- 
bance and electric disturbance, which is helpful for understanding thermal 
runaway in batteries. A short-circuit test is a safety simulation of an electrical 
discharge at the contact between the positive terminal and the negative termi- 
nal of a battery or at low-impedance device contact. Overcharge test refers to a 
safety behavior to make both the charger and the current control loop fail at 
the same time during battery charge. In a battery module, if the performances 
of various single batteries are not balanced, some batteries may be overcharged, 
so the overcharge test is very important for a battery module. 

The heat resource of the overcharge reaction comes from electrochemical 
reaction heat and joule heat. In the case of overcharge, the lithium in the posi- 
tive electrode material is extracted so that the material is extremely oxidizing 
or the positive electrode material directly releases oxygen to oxidize the elec- 
trolyte; at the same time, SEI film on the negative surface is decomposed first, 
and lithium-ion cannot be intercalated in the negative electrode, so lithium 
metal will be deposited. With the heat effect being generated during this pro- 
cess, if the temperature gets really high and rises above 170 °C, lithium metal 
may melt, and then the electrolyte would be strongly oxidized. Within a short 
time, two reactions happen in succession, and if the generated heat accumu- 
lates at a faster rate than the heat escape rate, thermal runaway may happen to 
the battery. The composition of a battery itself and the working status of the 
battery both have great impact on the ability to prevent overcharge. 

For relatively common abuse behaviors, the purpose of the mechanical abuse 
test is to determine the packaging and best location for a battery module or 
modules (e.g., a combination of multiple power batteries). The prick test is 
mainly for the simulation of a battery’s internal short-circuit. The purpose of 
the thermal test is to inspect how a battery adapts to a wide range of variations 
of temperature and other thermal conditions. Such variations may happen 
often in electric vehicles (EVs). 


5.1.4 Safety Assessment for Retired Batteries 


Retired battery safety is the primary factor of consideration for reuse. We 
selected retired lithium iron phosphate batteries in soft packaging in alternat- 
ing current (AC) mode and in charging mode. Then we conducted test assess- 
ments for their safety based on relevant lithium battery test standards. Relevant 
test details were listed in Section 5.1.3. 
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In addition, membrane battery materials, physicochemical property analysis 
and characterization, the battery internal structure’s three-dimensional imag- 
ing detection, and so on, set forth in Chapter 2, are also means for safety assess- 
ments of retired batteries. 

Up to now, no effective, systemic, and completed safety assessment method 
on retired battery has been reported. This is expected to be a research hotspot 
in the future. 


5.2 Safety Issues When Dismantling and Repacking 
the Battery Module 


On one hand, once retired, most batteries are scrapped and cannot be reused; 
on the other hand, the batteries need to be rematched for secondary use, 
which involves dismantling the battery modules, removing the battery 
external circuit and case, data pickup, and clearing the scrapped batteries. 
According to the assembly structure analysis of a battery module, the dis- 
mantling process of a battery module is basically divided into the following 
steps: case dismantling — control circuit dismantling (including protective 
circuit dismantling) > connecting circuit dismantling > taking out of the 
battery module > dismantling of the battery module case > dissociation of 
the monomer cell. 

Since there is still some remaining capacity in retired batteries, the voltage 
class is high, but neither the external circuit insulating property nor the 
connection reliability can be guaranteed, so personal safety requires special 
attention during the dismantling process. Any dismantling work should be 
conducted in an open site with safety protections in place. Insulating protec- 
tion tools must be used throughout the dismantling process. 

On one hand, special attention shall be paid to avoid irreversible damage to 
the battery itself during the dismantling process; for example, some battery 
modules are matched by welding, so separation is needed for reuse. During the 
separation, if the temperature is too high or mechanical external force is too 
strong, the battery internal structure may be damaged by local overheating or 
other reasons. On the other hand, whether a battery module is connected by 
welding or by loading in, the lugs must be cut shorter for secondary use. When 
the tab connecting piece of the original match is removed, special attention 
must be paid to avoid damage to or around the lugs. 

When a lithium-ion battery is used individually, its safety may be guaranteed 
with the coordination of an anti-overcharge device, anti-over-discharge device, 
and anti-overcurrent device. However, the case of a lithium-ion power battery 
of combined use may be more complicated. Overcharge and over-discharge are 
more likely to happen for combined-use batteries than for individually used 
batteries, and it is harder to detect the phenomenon. 
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The single batteries in a battery module may not be consistent, and the con- 
secutive charge—discharge cycles lead to these differences, which will acceler- 
ate the attenuation of single battery capacity. The capacity of the battery 
modules in series is determined by the minimum capacity of the single batter- 
ies, so these differences will shorten the service life of the battery module. The 
main reasons for such imbalance are as follows. During battery manufacturing, 
the capacities and internal resistances of batteries in the same batch may differ 
due to their processing; the self-discharge rates are different, so long-term 
accumulation may cause differences in battery capacities. Then, during the 
batteries’ use, differences in the service environment such as the temperature 
or circuit board may cause an imbalance of battery capacity. To reduce the 
influence of such imbalance on the battery module, an equalizer circuit is 
required during the charge—discharge course of such battery modules [6-8]. 
For the retired battery with more discreteness, special attention is paid to the 
balance and heat management issues for the rematching. 

Currently, methods for balancing control for lithium-ion battery modules 
can be classified into two types, in accordance with the energy consumption 
of circuits in the balancing process: energy dissipation type and energy nondis- 
sipation type. For the energy dissipation type, the balance is realized by paral- 
leling each single battery in the battery module with one resistance. Such a 
circuit is a simple structure. The energy dissipation and heat management 
issues happen only during the energy consumption of single batteries of high 
capacity. The consumption of the energy nondissipation type is lower than that 
of the energy dissipation type, but the circuit structure is more complicated, 
which may be classified as energy conversion balance and energy transfer 
balance. In the existing balance approach for lithium-ion batteries, the battery 
capacity is basically judged on the basis of the battery module voltage, which is 
a voltage balance method where the accuracy and precision of the voltage 
detection as well as the leakage current size will cause direct impact on 
the battery module’s consistency. We developed an energy storage system 
for retired batteries with active and passive battery-balancing technology 
(ie., a direct current (DC)—DC balance mode adopted by the active balanc- 
ing technology), and a shunting balance mode adopted by the passive balancing 
technology, to remedy the disadvantage of bad battery consistency. 

The thermal properties of lithium-ion power batteries during the charge- 
discharge course and their influencing factors are studied by combining the 
experiment and the simulation. First of all, in a charge—discharge experiment 
on single lithium-ion power batteries, we studied the impact of various factors 
on these batteries’ thermal properties while measuring the ohm internal resist- 
ance, the polarization internal resistance, and the entropy change of batteries 
under different conditions, to analyze the impact of various parts on battery 
heating. After analysis of the experiments, it is concluded that charge- 
discharge rate, environmental temperature, and state of charge may all affect 
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the thermal properties of batteries. The greater the charge—discharge rate is, 
the lower the environmental temperature is, and the lower the state of charge 
is, then the greater the battery heating power will be, and the higher the battery 
temperature rise will be. Meanwhile, it is known from the measurement of the 
ohm internal resistance, the polarization internal resistance, and the entropy 
change of lithium-ion power batteries that with the increase of discharge rate, 
ohmic heating takes a larger proportion of the total heat while polarization 
heating and reaction heating take smaller proportions; in the case of large-rate 
discharge, ohmic heating and polarization heating play the leading roles; and 
the lower the environmental temperature is, the larger the total internal resist- 
ance of the battery is, which increases the battery heating power and makes the 
battery temperature rise faster. Entropy change is only related to the state of 
charge, but not to the battery temperature, under this status. Second, an inter- 
nal heat source model fit for the potassium-ion power battery is proposed 
herein through the experimental data obtained with combinations of the 
battery internal heating mechanism. As the simulation results indicate, the 
proposed model can better reflect the situation of a battery’s internal tempera- 
ture field during the discharge. Meanwhile, we use this model to simulate the 
battery’s temperature-rising conditions under a bad working environment and 
the impact of different heat convections on thermal properties of batteries. It 
can be concluded from the simulations that increase of the convective heat 
transfer coefficient helps to reduce the battery temperature. The energy storage 
system we developed for retired batteries gives full consideration to battery- 
heating and radiating issues. We conducted strict demonstration and design 
on the battery placement pattern and the arrangement pitch, and we also added 
air conditioning outside the battery cupboard space. In addition, a battery 
management system (BMS) also has the functions of air cooling and ventila- 
tion, which is beneficial to avoid thermal runaway. 

The safety of lithium-ion batteries receives so much concern, which is also 
closely related to its expected application. For lithium-ion power batteries, no 
matter how large or how tiny the monomer capacity is, the batteries will be 
combined for application. If accurate and balanced control cannot be realized, 
this amounts to abuse for certain monomer batteries. Both the cycle index and 
the charge—discharge system have a remarkable impact on the safety of batter- 
ies. During use, overcharge and over-discharge of monomers must be avoided 
as much as possible, especially for high-capacity monomers. This is because 
thermal disturbance may cause a series of exothermic auxiliary reactions and 
ultimately lead to safety issues. 

Another disadvantage of lithium-ion batteries is the feature of aging. After a 
certain period of storage, even if there is no cycle use, part of the battery’s 
capacity will still be lost permanently. The reason for this is still that the 
materials at the positive electrode and the negative electrode have started the 
wearing course once they leave the factory. The rates of aging under different 


Reuse of Power Batteries and Problems 


temperature statuses and different states of charge are also different. The 
higher the storage temperature is and the fuller the battery is charged, the 
faster the battery capacity losses are. Therefore, long-term storage of a fully 
charged lithium-ion battery is not recommended. For battery storage, low- 
temperature storage should be used to the greatest extent. 

The impacts of internal resistance differences on lithium-ion battery modules in 
different connecting modes are huge, as the test results show; with the increase of 
cycle index, the internal resistance value of batteries with internal resistance 
difference gradually increases, the case temperature gradually increases, and 
the discharge capacity constantly decreases, and then the resistant value differ- 
ence increases constantly. Finally, the battery loses its efficacy. This is because 
the difference in internal resistance values leads to overcharging the battery cell. 
Research shows that the internal resistance difference is an important factor that 
impacts the battery module’s safety. Compared with the safety of other battery 
cells, that of the battery cell with a larger internal resistance in a battery module 
is worse. For the connection mode, the safety of parallel battery cells is better 
than that of series battery cells [9]. 


5.3 Safety Monitoring Techniques for Reuse 
Processing 


Factors that influence or cause battery safety accidents include the battery 
type, design level, manufacturing quality, total capacity, length of service time, 
effectiveness of safety measures, reasonability of usage, and other (accidental) 
factors. Retired batteries that have been used on EVs may suffer different levels 
of attenuation and wearing of various performance indicators. In the reuse 
process, various monitoring techniques and means should be used to assess 
the safety of retired batteries and to provide timely safety alarms. 


5.3.1 Battery Management System 


With the impact of factors such as operating environments and aging, incon- 
sistency between batteries will become more and more noticeable. The batter- 
ies’ efficiency and service life will deteriorate. With a BMS, we can accurately 
measure the battery module service condition, protect the batteries from over- 
charging and over-discharging, balance the capacities of batteries in a battery 
module, analyze and calculate the battery module’s capacity, and convert it into 
comprehensible remaining capacity and healthy status information, so as to 
ensure the safe operation of retired batteries. The main functions include: 


e Accurately estimate the state of charge (SOC) of the power battery module: 
Accurately estimate the SOC of the retired battery module (i.e., the battery’s 
remaining capacity), maintain the SOC within a reasonable range, and 


389 


390 


Reuse and Recycling of Lithium-lon Power Batteries 


protect the battery from damage due to overcharging or over-discharging, 
so as to forecast the battery’s remaining capacity or the SOC of the energy 
storage battery at any time. 

e Dynamically monitoring the working condition of the retired battery module: 
During the charge and discharge of batteries, collect the terminal voltage and 
temperature, charging and discharging current, and battery pack total volt- 
age in real time, to prevent overcharging and over-discharging phenomena 
for batteries. At the same time, monitoring can provide information on the 
battery’s condition over time, pick out the batteries with problems, and 
maintain reliability and high efficiency for the whole battery module's opera- 
tion, making it possible to realize a remaining capacity estimation model. 
Besides, it also establishes the usage history archive for each battery to 
provide a basis for offline analysis of system failure. 

e Balancing among single batteries: This means the equalizing charge of single 
batteries, which brings various batteries in the battery module into a balanced 
and consistent state. A balancing technology is one of the key technologies of 
a battery energy management system that the world is studying and develop- 
ing without sparing any effort. 


5.3.2 Energy Storage Monitoring System 


An energy storage monitoring system possesses the functions of monitoring 
platform integration system parameter settings, a battery status data display, a 
failure warning display, historical data queries, and so on. It can comprehen- 
sively manage status information on single cells in a series-connected battery 
module, control information on the battery management unit (BMU) and cell- 
monitoring unit (CMU), status and control information on battery cells and 
ancillary equipment, and so on. The software process is clear and easy to under- 
stand. It requires simple maintenance but has high stability. The monitoring 
platform is equipped with the function of failure warning. It provides a decision 
basis for battery performance warning monitoring based on the relation of indi- 
cators such as the SOC decay rate, internal resistance change, and the state of 
health. The monitoring platform records the status information of the cells and 
manages the data regularly. When the performance of a certain cell fails gradu- 
ally, the monitoring platform will send out a warning signal, reminding the user 
of the serial number and position of the battery to be replaced. 


5.4 Safety Requirements for Spent Battery Storage 


The storage and transportation of spent batteries, which are highly hazardous 
articles, have strict requirements. Therefore, the Electric Power Research 
Institute of the State Grid Henan Electric Power Company established require- 
ments to provide regulations for safe battery storage [10]. 
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The following are requirements for the storage of spent lithium-ion power 
batteries: 


1) The spent batteries shall be classified for storage. The storage of different 
types of spent batteries shall have different environmental protection marks 
and technical specifications. Recyclable wastes and nonrecyclable wastes 
shall be separated for storage. 

2) To avoid rain and water immersion, do not pile up spent batteries in an open 
area; no other articles may be placed in the storage area for spent batteries 
in batch. Relevant firefighting equipment and safety signs shall be equipped. 

3) The spent-battery storage area shall be kept out of the sun and in the shade. 
The storage area shall be roomy with good ventilation. A certain distance 
shall be maintained between batteries for ventilation and heat dissipation. 
The environmental temperature of the storage area shall not be higher than 
40 °C. It shall be cleaned every 3—6 months to make sure there is no leakage. 
Safety detection or de-electrification pretreatment shall be conducted prior 
to the storage. 

4) Intact and damaged spent batteries shall be separated for storage. Storage 
construction and management shall be conducted strictly in accordance 
with standards for the damaged batteries [11]. 

5) The maximum storage duration of spent batteries shall be no longer than 
1 year. In special conditions where the storage duration needs to be 
extended, application shall be submitted to the relevant environmental pro- 
tection administration. 

6) Necessary environmental protection measures such as anti-pervasion 
measures, anti-runoff measures, and antileakage measures shall be pro- 
vided in the spent battery storage area. Necessary technical measures for 
pollution control shall be taken. 


5.5 Safety Protection Measurements for Battery 
Recycling and Treatment 


5.5.1 Discharge Treatment 


After being retired from EVs, lithium-ion power batteries carry different 
electric capacities. Some of them carry zero electric capacity, while some carry 
a lot. To guarantee the safety of retired lithium-ion power batteries in the 
follow-up cutting technologies, a discharge operation shall be conducted on 
the retired lithium-ion power batteries. 

Many measures can be performed for discharge of lithium-ion batteries, 
such as direct short-circuit of batteries, which makes fast discharge of batteries 
possible. But it does not offer full discharge. Plus, the batteries may become 
seriously heated up and swollen, which may lead to potential risks. Because of 
this, this measure is generally not taken. 
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Another method is milder, in which the batteries are discharged by high-rate 
discharge current. This operation method is safe but requires a longer discharge 
time. When a battery is discharged, the lugs at the positive electrode and nega- 
tive electrode shall be treated with isolation coating to prevent a short-circuit 
between the positive electrode and negative electrode and to avoid sparks or 
even fires. For very swollen batteries, deflation shall be conducted prior to the 
discharge (i.e., aluminum plastic film shall be pierced under good ventilation 
conditions to release the gas into the off-gas absorption system). 

Even if the batteries have been discharged, special attention shall still be paid 
to avoid fire or explosion due to short-circuiting during battery cutting and 
breaking. Helpful means include low-temperature freezing, releasing inert gas 
toward the operating table, and operating in a closed space isolated from air. 


5.5.2 Dust Treatment 


In the battery recovery treatment process, metal powder, plastic powder, and 
compound powder will be produced. A pulse dust collector or bag filter may be 
used to collect and remove the dust to avoid accidents. 


5.5.3 Waste Liquid Treatment 


The wastewater produced in the recovery process may contain organic mat- 
ters, inorganic salt, and metal ions, and its pH value will not comply with the 
discharge requirements, so corresponding water treatment facilities shall be 
equipped to conduct environmental treatment on the wastewater so that it 
finally meets the discharge requirements. Special attention shall be paid to 
hydrofluoric acid (HF) in treatment process. 


5.5.4 Waste Gas Treatment 


In the whole process of recycling the retired lithium batteries, the waste gases 
generated are mainly the volatile gases from the lithium-ion battery electrolyte, 
the harmful gas generated from the reaction between the electrolyte and the 
air or the vapor, and other gases from the swollen batteries. 

Waste treatment shall be operated in a closed environment. The separation 
and collection shall be conducted with certain facilities, and then the waste gas 
will go through harmless disposal through a specialized medium system. 
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Market Development of Reuse and Recycling 
of Power Batteries 


6.1 Exploration of New Development Ideas 
for Reuse and Recovery of Power Batteries under 
the “Charging” and “Battery-Swapping” Models 


The total scrappage of power batteries and demand for nonferrous metal 
resources brought about by the electric vehicle (EV) industry will be several 
times greater than that of the 3C-type consumption storage battery field. Thus, 
while highlighting the production of power batteries, we shall also pay more 
attention to the terminal treatment of retired batteries. As an important part of 
the EV industry, we shall attach equal importance to the building of (and stand- 
ardization research on) power battery recycling systems and to the technical 
development of new products. It has become urgent and important to study 
the techniques, standard specifications, and business models covering all 
stages of the lifecycle, including collection, handling, reuse, and terminal treat- 
ment of power batteries. 


6.1.1 Issues Concerning Reusing and Recycling Retired Power Batteries 


6.1.1.1 Technical Level 
Some problems still exist in the reuse of power batteries, such as lack of histori- 
cal data, inconsistent battery module standards, and uncertain performance 
and service life of retired power batteries. Although empirical experiments on 
the reuse of EV batteries have been conducted worldwide, it can be seen from 
all previous reports that these existing experiments are small in scale. and there 
is no open report about the demonstration results of these experiments. 
Currently, small-scale lithium-ion batteries are highlighted in the recycling 
of lithium-ion batteries, with a focus on recycling precious metals including 
cobalt, nickel, and so on. However, there are few reports about harmless treat- 
ment and secondary pollution control of other components. Some research 
institutes have made initial explorations on power batteries, mainly conduct- 
ing lab research by drawing lessons from experience and from technologies 
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of small batteries. The future focus of research shall be placed on lithium-ion 
power batteries, green recycling technology featuring full elements and low 
energy consumption, and scaled technological equipment suitable for batteries 
of different types and specifications. 


6.1.1.2 Commercial Level 
For reused derivative power batteries, if clients knew the facts, they would be 
dubious about the performance, service life, reliability, and safety of these 
products, and product promotion would be hampered to some extent. An 
effective business model is lacking in terms of production promotion and 
application. In a word, the core elements of battery reuse lie in low sorting 
costs, long secondary service life, and reasonably paid service subsidy policies. 
However, these issues of focus have not been completely solved yet. 

In terms of battery recycling, recycling costs are high under the current tech- 
nical conditions and there is a lack of incentive policies, leading to failure in 
profitability. 


6.1.2 Ideas about Reusing and Recycling Power Batteries 


6.1.2.1 Formulation of Access Conditions for Vehicle 

Power Battery Recycling 

In view of the unqualified business operations, coarse recycling and disman- 
tling, and small-scale poor treatment that are seen in the 3C-type small-scale 
storage battery recycling industry, and in combination with commercially 
operating modes of power batteries and their carriers, EVs, and the uniqueness 
of vehicle power batteries whose danger and pollution are incomparable to 
small-scale storage batteries after they are scrapped, power battery recycling 
enterprises shall obtain necessary conditions including production equipment 
and facilities, safety facilities, and professional technicians. Otherwise, one 
cannot ensure that the treatment process is safe, economical, and environmen- 
tally friendly, and it may deviate from the initial intent of harmless treatment 
and recycling of power batteries and from the fundamental purpose of large- 
scale industrialization and commercialization. Moreover, it would bring about 
new challenges for sustainable development of EVs as the emerging strategic 
industry. 


6.1.2.2 Regulating the Collection and Transportation 

of Vehicle Power Batteries 

Power batteries for EVs have high voltage and great energy. In case of improper 
storage and transportation means, it would be easy for these batteries to 
become contacted and short-circuited, thus causing fires or even explosions. 
For scrapped power batteries, the remaining capacity is normally 60-80% of 
the nominal capacity. Additionally, potential safety hazards exist in retired 
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power batteries, including overcharging and over-discharging, damaged cases, 
bare electrode and electrolyte leakage, and so on. Thus, the requirements con- 
cerning collection and transportation of retired power batteries appear espe- 
cially strict and important. Regulating the collection and transportation of 
power batteries is the fundamental premise for inverted production safety and 
recycling in an environmentally friendly manner. 

Retired power batteries for EVs feature large volume, heavy weight, and a 
complicated structure. In cases of collection, removal, transportation, and han- 
dling, proper lifting equipment and machinery shall be adopted and carefully 
handled to prevent batteries from damage. Specific liabilities for collection and 
transportation equipment shall be specified to guarantee safe collection and 
transportation of retired power batteries and increase the reusability of back- 
end processes. Thus, the formulation of standard collection and transportation 
standards represents fundamental requirements for recycling and also facili- 
tates the reusability of retired power batteries. 


6.1.2.3 Regulating the Categorized Storage of Power Batteries 

Power batteries for EVs have diversified types, models, modular structures, 
and material systems. Additionally, wasted power batteries may be single 
batteries, modules, or battery packs, varying in the degrees of breakage and 
damage. It seems necessary to sort and store collected power batteries in a 
customized way. Thus, customized storage criteria are needed. The study of 
such storage criteria of power batteries is needed for proper dismantling, reuse, 
and material recycling. 


6.1.2.4 Requirements for Safe Module Separation and Dismantling 
Normally, power batteries for EVs are connected by single batteries or battery 
modules in series or in parallel, with the packaging structure being of the 
mechanical connecting rod type, high-strength special material injection 
molding type, welding type, embedding type, or the like. Most of their pack- 
ages are made of stainless steel, aluminum alloy, aluminum foil composite film, 
or plastic board, and they are cylindrical or square. The internal material sys- 
tems include Ni-based and lithium-based systems. Lithium-based systems can 
be further divided into lithium iron phosphate, lithium manganate, and ternary 
material. Compared with traditional 3C-type consumption power batteries, 
except for the similarities in the dismantling and breakage process of single 
batteries, power batteries are completely different from the former in terms of 
their material system, assembling mode, and packaging structure. Thus, safe, 
green, and efficient dismantling of power batteries is a key technology that is 
highlighted and studied by relevant organizations worldwide. The core of this 
key technology is the nondestructive separation of the module. 

Additionally, power batteries are composed of multiple parts, including 
cases, circuit boards, and conductors. If traditional dismantling methods are 


397 


398 


Reuse and Recycling of Lithium-lon Power Batteries 


adopted, their rubber, plastics, metal cases, and connectors would flow into the 
recycling and renewal process together with single batteries. It would neces- 
sarily produce plenty of residual slag and secondary waste; add difficulties with 
material extraction, ion separation, and multimetal dust removal; and lead to 
a redundant recycling process, increased industrial costs, and a reduced 
recycling rate. 

Thus, the study and formulation of scientific module separation technology 
and standardization procedures aim to retain the residual value of power bat- 
teries to the largest extent and create necessary conditions to ensure their value 
remains worthy of reuse. The criteria shall specify common power battery 
dismantling procedures, pretreatment, overall procedures, dismantling of the 
battery modules, modular separation, dismantling of single batteries, and other 
processes, to obtain the residual energy of power batteries to the largest extent. 


6.1.2.5 Recycling of Battery Components 

With the commercial production and application of power batteries, a large 
number of retired power batteries are generated. Currently, there are three 
types of retired-battery treatment processes: storing in ore wells, curing and 
deep burying, and recycling and reuse. A large number of valuable metallic 
elements, including Ni, Co, Al, Cu, and rare earth, are contained in power bat- 
teries. If they are not rationally recycled, it would cause a waste of resources 
and environmental pollution. However, according to current retired-battery 
treatment ideas and methods, a specific metallic element is barely separated 
and extracted from electrode materials, then turned into basic chemical raw 
material rather than being processed and reasonably used in a targeted manner. 
This method is cost-effective. but it is also inconsistent with China’s policies of 
a recycling economy and low-carbon economy for comprehensive resources 
utilization. 


6.1.2.6 Whole-Process Pollution Control and Evaluation System 

Retired power batteries are bulks of solid waste. They are associated with heavy 
metals and dangerous waste, and they represent the most important parts used 
in future EVs. Therefore, there are environmental impact factors at every step 
from source treatment to final recycling, including explosion, electrolyte leak- 
age, and heavy metal pollution. 

Undoubtedly, recycling is a better option for treatment of vehicle power 
batteries. However, serious environmental pollution may be caused due to 
backward technologies used during the recycling process. Compared with 
original equipment manufacturers, power battery recycling enterprises have a 
longer time of contact with power batteries, with more flows and procedures 
involved, and experience more unstable factors after the scrapping of power 
batteries. Thus, they are faced with even greater safety and environmental 
burdens during the production process. 
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Based on the impacts of these factors, relevant safety and environmental 
control standards for power batteries shall be formulated at each link of the 
whole industry chain of EVs, especially recycling and reuse standards, which 
offer the recycling production chain a complete pollution evaluation and con- 
trol system and guarantee that each process is safe and environmentally 
friendly [1]. 


6.1.3 Requirements for Reuse and Recycling Management 
of Power Batteries 


First, the extended responsibility system of producers shall be implemented. 
Derived from new products, waste resources are reused in new products after 
they are recycled. Thus, producers are both sources and beneficiaries of recy- 
cling. They have the obligations to guarantee that their products are properly 
recycled and reused. It is explicitly specified in Article 15 of China’s law on the 
prevention and control of environmental pollution by solid waste that “Units 
and individuals that discharge solid waste shall adopt measures to prevent or 
reduce environmental pollution by solid waste” [2]. Thus, enterprises that 
engage in the production of power batteries for new-energy vehicles and the 
manufacturers of vehicles with power batteries shall have the obligation to 
conduct recycling and harmless treatment of scrapped batteries. Battery pro- 
ducers, and new-energy vehicle manufacturers and dealers, shall establish a 
scrapped battery recycling network to recover waste batteries via the current 
sales network in an inverted manner. 

Second, qualification access management of power battery recycling enter- 
prises shall be conducted. The dismantling of power batteries and smelting of 
renewable metals can affect human safety and environmental protection, and 
they require enterprises to have specialized technologies and equipment. Thus, 
China shall issue relevant management regulations and technical standards, 
and raise requirements for the qualifications of enterprises engaged in power 
battery recycling. If these requirements are satisfied, government authorities 
will issue qualification certificates or announcements and conduct regular 
qualification inspections. Where any enterprise violates any provision or fails 
to satisfy environmental protection standards during their operating process, 
corresponding businesses shall be suspended and qualifications may even be 
cancelled. 

Third, incentive systems to promote orderly recycling of retired batteries shall 
be established. In view of large difficulties in recycling management, it seems 
necessary for producers and the government to build incentive systems to 
change the recycling methods that feature scattering distribution and great 
environmental risks. According to the experience of enterprises in developed 
countries, the system of “trade new battery for old ones” is an effective incentive 
system. With regard to its fundamental principle, when replacing batteries, 
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consumers shall hand in the same quantity of retired batteries to dealers for new 
ones, and the price of new ones may be reduced. The system guides consumers 
to hand in their retired batteries to dealers and incorporates battery recycling 
into the recycling system for producers, thus avoiding disorderly recycling. 
Moreover, relevant nonferrous metal reproducers, as environmentally friendly 
sectors, should be encouraged by China to get involved in benign competition 
and development. China shall use valuable tools including tax, credit and sub- 
sidy, and others to implement the principle of economic benefits and fully 
mobilize these sectors’ enthusiasm for environmental protection [3]. 

Finally, massive publicity shall be enhanced, and the environmental aware- 
ness of the public shall be raised. Various publicity tools such as broadcasting 
via TV, magazines, and the Internet shall be used to widely spread and popu- 
larize knowledge concerning components of vehicle power batteries and 
environmental threats caused by their random disposal. The public shall be 
enabled to understand the importance of recycling and environmental pro- 
tection in China and the significance of battery recycling, build awareness of 
energy conservation and environmental protection, consciously protect the 
surrounding environment, and hand in retired power batteries to formal 
recycling channels and reduce pollution sources, thus ensuing the smooth 
running of the whole recycling system. 


6.1.4 Suggestions on Reuse and Recycling Policies of Power Batteries 


With marketization of the future new-energy vehicle market, there may be two 
business operation modes existing side by side: a vehicle sales mode and bat- 
tery-leasing mode. The specific operation methods for recycling systems cor- 
responding to both sales modes will be different. The characters and operation 
schemes of both systems are analyzed in this section. 


6.1.4.1 Recycling System for Producers under Economic Incentives 

In this system, power battery producers and new-energy vehicle manufactur- 
ers will be the center on which to build a retired battery recycling network. The 
former will collect the retired power batteries they produce, and the latter will 
cooperate with the former in recycling power batteries used in the new-energy 
vehicles they manufacture, as shown in Figure 6.1. 

In the recycling flow, power battery producers and vehicle manufacturers 
cooperate with each other in recycling the batteries sold by the aftermarket 
through inverted logistics. That is to say, consumers hand in scrapped batteries 
to repair service outlets of vehicle manufacturers. Each service outlet notifies 
power battery producers after collecting scrapped batteries. Via their own 
logistical systems or specialized carriers, power battery manufacturers deliver 
retired power batteries to qualified recycling enterprises for dismantling and 
renewal. Additionally, after dismantling retired power batteries from scrapped 
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Figure 6.1 Recycling system for producers. 


vehicles, scrapped vehicle dismantling enterprises notify power battery pro- 
ducers to transport retired power batteries to qualified recycling enterprises or 
directly sell them to the recycling networks authorized by battery producers 
after notifying the latter. 

Specifically, power battery producers shall have the obligation of recycling 
retired vehicle power batteries. In principle, it is required that the quantity of 
recycling shall be equal to that of power batteries being sold, or at least a high 
recycling rate shall be achieved. Through formulation and implementation of 
the “trade new batteries for old” recycling system, consumers hand in scrapped 
power batteries to repair service outlets of vehicle manufacturers to obtain a 
discount for new batteries, the percentage of which will be determined accord- 
ing to market conditions. When receiving the vehicle products with power 
battery modules from consumers, scrapped vehicle dismantling enterprises 
shall give cash compensation to consumers according to certain standards and 
notify power battery producers to recycle these batteries. For power batteries 
with a low recycling value, power battery producers have the obligation to pay 
for their harmless treatment. Recycled power battery modules shall be disman- 
tled and reused by qualified reuse enterprises. Moreover, power battery pro- 
ducers shall provide necessary technical support for dismantling of the power 
battery modules they produce. 
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6.1.4.2 Battery Leasing and Recycling System 

In this system, battery-leasing enterprises own the power batteries. Consumers 
rent power batteries, and power battery leasing enterprises treat retired batter- 
ies in a unified manner, which is applicable to the electricity-swapping mode 
encouraged by power grid enterprises, as shown in Figure 6.2. 

In the recycling process, consumers rent batteries from electricity-swapping 
outlets. Power battery leasing enterprises, including power grid enterprises, 
manage power batteries in a unified manner and will not supply power battery 
modules used by new-energy vehicles for centralized reutilization (e.g., for use 
in energy storage power stations). For the power batteries that fail to be reused, 
after recycling, battery-leasing enterprises shall hand over retired power bat- 
teries to the qualified recycling enterprises authorized by battery producers for 
harmless treatment and recycling. 

Under such conditions, power batteries are owned by leasing enterprises. 
Thus, in the implementation of these measures, power battery producers shall 
closely cooperate with power battery leasing enterprises to guarantee effective 
recycling of retired batteries. As consumers directly rent batteries from power 
battery leasing enterprises, consumers shall hand in batteries to them after 
vehicles are scrapped. Power battery leasing enterprises collect retired power 
battery modules via their electricity-scrapping outlets and then hand them 
over to qualified treatment enterprises for recycling. Power battery producers 
shall provide necessary technical support for dismantling of power battery 
modules they produce. Meanwhile, for power batteries with low or no recy- 
cling value, power battery producers shall have the obligation to pay relevant 
costs of harmless treatment. 
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Figure 6.2 Battery-leasing and recycling system. 
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An important premise for operation of this system is standardized design 
of power battery modules. As seen from the current development status of 
new-energy vehicles, there are still many problems. Thus, currently, the elec- 
tricity-swapping mode is more suitable for application in public service 
areas, including urban buses. Currently, it is not suitable for application in 
the private vehicle field. Thus, the recycling system is limited in its scope of 
applicability and requires the implementation of a recycling system for 
producers. 


6.2 Reusing a Retired Battery: A New Model 
for Decreasing the Cost of Batteries 


Reuse is a process of total or partial recovery of functions of a used product 
that has reached the end of its original designed service life via any other 
means. The process is basically application of the same or degraded level. 
Conceptually, reuse is basically equivalent to “gradient reuse, ladder use, or 
degraded utilization,’ but it cannot be deemed as renovated use. 


6.2.1 Reuse of Lithium-lon Power Batteries: A New Way 
of Battery Cost Reduction 


Reuse of lithium-ion power batteries is an intermediate link between new- 
energy vehicle and lithium-ion power battery recycling. Dismantling, testing, 
and secondary categorized use of retired batteries used by vehicles help realize 
the reuse of power batteries and achieve the purpose of reducing 30-60% of 
power battery costs. In general, the standard for scrapping lithium-ion power 
batteries of new-energy vehicles applies when less than 80% of the battery 
capacity is left. The direct recycling of batteries with 70-80% remaining capac- 
ity would mean a big waste. The reuse of lithium-ion power batteries appears 
to be especially important for reduction of battery costs. 


6.2.2 Establishment of a Business Model for New Lithium-lon 
Power Battery Reuse through Multiparty Cooperation 


The business model for new lithium-ion power battery reuse requires the 
establishment of multifaceted cooperation mechanisms. First, the recycling of 
lithium-ion power batteries shall comply with a responsibility system in which 
“whoever produces batteries shall be responsible for recycling” The recycling 
network is built via the implementation of a recycling responsibility system to 
guarantee the sources for battery reuse. The core of reuse includes links such 
as battery recycling, battery evaluation, reassembly, and reuse. In view of the 
close relationship between battery operators in recycling and new-energy 
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vehicle operation, it is advised that operators, vehicle manufacturers, and bat- 
tery producers should build a battery service module through joint investment 
and conduct the business of lithium-ion power battery reuse. Reassembled 
batteries may also be used by end users through battery leasing or retailing, as 
shown in Figure 6.3. 

Applications of reused lithium-ion batteries are mainly household energy 
storage, stores, new-energy distributed power generation, disaster control 
strongholds, and communication base stations. Application in the energy 
storage field does not require much energy intensity but has rigorous require- 
ments for cycle life and price. In view of multiple costs involved in battery 
recycling, transformation, and transportation, the actual recovery value of 
recycling retired vehicle batteries will not be more than 10% of new battery 
costs. This price may also satisfy the requirements for energy storage. 
However, a demonstration of cycle life still needs to be considered in battery 
design to guarantee the requirements for service life in regard to energy stor- 
age and utilization. 

Fundamental research concerning reuse of lithium-ion power batteries is 
key to the development of the battery reuse industry, which requires the 
integration of resources by government authorities to facilitate the practice 
of recycling demonstration projects. In view of the separated chains in 
China’s new-energy vehicle industry, it would be very difficult for vehicle 
manufacturers, battery producers, or operators to pioneer in the research 
on battery reuse. It appears particularly important to promote the formula- 
tion and application of power battery reuse standards via the demonstration 
project organized by the government. Additionally, the batteries for new- 
energy EVs used in the Beijing 2008 Olympic Games, the World Expo 2010, 
and the earliest demonstration projects have been gradually eliminated. 
Thus, it has become even more urgent to pursue reuse of these retired 
batteries. 


6.2.3 Risks Involved in Reuse of Power Batteries 


The profit margin in the reuse of lithium-ion power batteries is unclear. 
Although data on batteries provided by lithium-ion power battery producers 
state that the batteries removed from new-energy vehicles retain 70-80% valid 
energy and appear competitive in costs, there are still many challenges when 
energy storage is focused in the field of battery reuse. Most energy storage 
batteries in China are used for energy storage in communication base stations, 
large-scale data centers and banks, and so on, and the prevailing energy storage 
method remains the lead acid battery. Whether these can be replaced by reused 
lithium-ion power batteries is still unclear. Additionally, new-energy storage is 
limited by the support efforts of China in the field of new-energy distributed 
power generation. 
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Figure 6.3 Business model for lithium-ion power battery reuse. 
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6.3 Battery Recycling and a Circular Economy 


A circular economy is an economy based on cycling, renewal, and utilization of 
matter, and it represents an economic development model based on resource 
recycling and reuse. Its principles are reduction, reuse, and recycling of 
resources, and the basic characteristics of its production are low consumption, 
low emission, and high efficiency. 

A circular economy is a type of economic mode that operates according to 
substance cycling and energy flow in the natural ecological system, with effi- 
cient and circulated use of resources as its objectives; “reduction, reuse, and 
recycling” as its principles; and a closed-loop cycle of substance and energy 
reuse as its characteristics. 


6.3.1 Battery Recycling in a Circular Economy 


The product design that conforms to requirements for a circular economy 
should be a whole-lifecycle design. The design shall consider not only product 
functions but also product sources, from obtaining natural resources at the 
beginning of their lifecycle to the scrapping and treatment of products at the 
end. All stages of the whole lifecycle shall be taken into account in a complete 
and systematic manner to minimize the demand of products for natural 
resources during the whole lifecycle, minimize environmental pollution, maxi- 
mize efficiency, and realize the optimization of product design during the 
whole lifecycle [4]. 

The lifecycle processes of batteries and their stages are shown in Figure 6.4. 
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Figure 6.4 Schematic diagram of battery lifecycle processes. 
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Under the principle of a circular economy, resource reuse shall be realized as 
practically as possible in battery recycling. According to calculations, the mate- 
rials that can be recycled from retired batteries account for 20.1%, the materials 
that can be recycled after being simply processed 27.1%, and the materials that 
can be recycled after being subject to smelting or refinement 49.5%. If these 
materials could be recycled, the traditional linear battery production mode 
may be transformed to a new closed-loop production mode, which would effec- 
tively control battery costs. Undoubtedly, it would not only mean conservation 
of huge resources but also reduce the pollution caused by retired batteries. 
Thus, the adoption of a circular economy concept would facilitate the recycling 
of retired batteries. 


6.3.2 Calculation Examples for Battery Recycling 


For calculation examples of economic benefit, refer to Section 4.1 for details. 


6.4 Designing Thoughts for Policy Support 
and Marketing Development 


6.4.1 Power Batteries Have Broad Prospects in Recycling 


Although EVs have not been widely manufactured and sold throughout the 
world, the recycling systems of power batteries for EVs have received much 
attention from governments and enterprises. Compared with Japan, the 
recycling systems of power batteries for EVs manufactured by the United 
States and developed countries in Europe are even more backward; never- 
theless, these countries have been working on the systems. In view of a 
shortage of resources and provisions on recycling within the European 
Union, Germany has formulated solutions for recycling power batteries in 
regions with environmental protections. Germany’s Ministry of Environment 
has funded two consortiums joined by industrial enterprises and research 
institutes, aiming to study storage battery material recycling, power battery 
recycling network building, and storage battery dismantling procedures. In 
the future, the ministry will continue to provide support for research into 
this aspect. The US Department of Energy granted $9.5 million to Toxco and 
supported it to establish the first lithium-ion storage battery recycling plant 
in the United States. 

In recent years, some ministries of the Chinese government have released 
policies and regulations about storage battery recycling [5-7]. Specific promo- 
tion measures are proposed concerning recycling and reuse of batteries in the 
above-mentioned policies and regulations, as follows: 

In terms of systems, China encourages enterprises to increase the motivation 
of consumers to hand over waste power storage batteries by means of security 
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collection, buyback, and “trade new battery for old” schemes; and it incorpo- 
rates waste power storage batteries in the scope of collection of “waste appli- 
ance and electronic products recycling funds” 

In terms of incentives, China gives support to reuse enterprises within the 
current capital channels in terms of technical research and development, 
equipment export, and so on to encourage enterprises to gradually improve 
their technical level, save resources, and protect the environment. 

In terms of technical research and development, China supports the research 
and development of power storage battery related recycling technologies and 
equipment, and it encourages waste power storage battery recycling, reuse, 
and renewal enterprises to gradually develop and promote new technologies. 

In terms of international cooperation, China will encourage international 
cooperation and exchanges in the field of recycling EV power storage batteries, 
and support the joint formulation and coordination of national standards and 
the construction of advanced-level demonstration projects worldwide. 


6.4.2 Retired Batteries Shall Be Recycled ina Comprehensive Manner 


Comprehensive recycling of power batteries mainly includes reuse and recy- 
cling of power batteries. Reuse means dismantling, testing, and secondary 
categorized use of power batteries after they are used in vehicles. And recycling 
means pretreatment, resource recovery, harmless treatment, and secondary 
pollution control of scrapped power batteries, thus realizing reduction, 
recycling, and harmless treatment of power batteries. 

The batteries retired from EVs can continue to be used in energy storage 
systems, especially in small-scale distributed energy storage systems. Moreover, 
they can be used to suppress and stabilize the output power of interrupted 
renewable energy, including wind and solar energy; realize peak reduction and 
valley filling; reduce the conflicts between supply and demand in electric loads; 
and achieve the goal of economic power consumption. They can also satisfy 
the requirements for two-way interaction of intelligent power grid energy, and 
be used in substations or intelligent power grids as emergency power sources 
to reduce various losses caused by quality issues with transient power energy. 

Waste power batteries are important urban resources. With the retirement 
and scrapping of a large number of lithium-ion power batteries, the accumu- 
lated effects of health, environment, and safety-related potential hazards have 
been multiplied, which should not be ignored. Once waste batteries fail to be 
effectively recycled and treated, they cause not only a waste of resources but 
also environmental pollution, while the metals used for producing batteries 
(including Ni, Co, and Li) belong to nonrenewable resources. The recycling 
and treatment of waste batteries as well as recycling and harmless treatment of 
metallic materials including Ni, Co, and Li and electrolytes are comprehensive 
benefits in terms of resources, environment, and economy. 


Market Development of Battery Reuse and Recycling 


6.4.3 All Stakeholders Shall Get Involved in the Links of the Whole 
Lifecycle of Power Batteries 


Throughout the whole lifecycle of power batteries, all stakeholders shall 
build the concept and awareness of battery recycling; actively provide 
convenient means for subsequent recycling in the stages of product 
design, research, development, and utilization; and finally realize the 
“reduced production, recycling, and harmless treatment” of power batter- 
ies. For example, they shall enhance the design, research, and development 
of lithium-ion batteries with a longer lifecycle; a connection process favora- 
ble for dismantling shall be adopted in battery grouping; information on 
changes in battery performance shall be fully acquired in the use of EVs to 
provide a basis for sorting reused batteries; and consumers shall properly 
use power batteries, prevent early scrapping of batteries due to abuse, 
increase the awareness of environmental protection participation, and not 
randomly discard batteries. 


6.4.4 Enhancing Power Battery Recycling and Reuse Management 


In order to enhance battery production management, the manufacturer’s 
name, date of manufacture, and types of batteries shall be clearly labeled on 
batteries. The requirements for managing the collection, storage, transporta- 
tion, and renewal of power batteries for new EVs shall be specified, and the 
power battery recycling system with vehicles and battery producers as its foci 
shall be gradually established to regulate recycling channels. Incentive policies 
to promote the improvement of battery reproducers’ technical and environ- 
mental protection levels shall be studied and formulated, and large-scale bat- 
tery reproducers and producers shall be encouraged to build cooperation in 
terms of power battery recycling. 
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